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Abstract 
Linear amplifiers are becoming increasingly important as the drive for more spectrally efficient 
systems continues. As the number of people wishing to use mobile communication systems 
increases then broadband multi-user systems will become necessary for future communications 
needs. This thesis presents a new broadband polynomial predistortion system that is capable of 
linearising an amplifier over a decade of frequency. Various techniques for linearising amplifiers 
are available and the most successful narrowband and broadband techniques are explained. 
Particular emphasis has been placed on the development of a system for broadband applications, 
which permits access by a large number of users. The feedforward technique provides an 
excellent improvement in linearity but results in poorer efficiency when compared with the 
original amplifier. Predistortion has a much lower efficiency penalty than feedforward but will 
offer only modest improvements in linearity. If a predistorter could be developed which would 
give a modest improvement in linearity for a minimal reduction in efficiency then the efficiency 
of the overall system would be increased. Another advantage of this approach is the potential 
reduction in the number of loops within the feedforward amplifier that will reduce complexity 
and cost while retaining good linearity performance for a hybrid amplifier system. A 
mathematical analysis of a polynomial predistorter is presented which shows the potential 
performance benefits of predistortion and the required gain and phase matching. A practical 
polynomial predistortion system has been developed and investigated. The system contains a new 
type of polynomial predistorter with significantly better performance than systems previously 
published. It has been shown that for good broadband performance the predistorter needs to be 
carefully designed taking account of the electrical delay through the system. The system has been 
developed to operate over a wide frequency range. With careful design the system has been 
developed for narrowband, mediumband and broadband applications. The polynomial 
predistorter has also been developed to provide improvements in the linearity of a class C 
amplifier. This thesis also shows that this technique can improve the efficiency of a feedforward 
amplifier by I I%, which results in a hybrid amplifier with an efficiency of 38%. This thesis 
clearly shows that this technique provides a potentially very high performance polynomial 
predistorter. 
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This chapter introduces trends within modem communications systems and the requirements 
for amplification techniques beyond the current state of the art. 
cliapter I 
I Introduction 
1.1 The Evolution ofCommunications Systems 
communicat toil's systems arc moving into ii new era with GSM now firmly established as the 
current standard. Operators and equipment 111anut acturer. s are lookino to extend the 
capabilities of' the systems they offer to maintain market momentum. It Is flow firmly 
established that glohal roaming and increased data capacity are ainis that will need to be inet. 
The current ETSI debate surrounding so-called 3rd generation systerns such as UNITS [ 1,2,3], 
GSM+, GSM EDGE [41 and CDMA2000 is gathering pace with the big players vying for 
position. The main thrust of all these new techniques Is the desire to increase data rates to 
levels that are significantly above the rates that are currently achievable by GSM. The alm of' 
this drive is to allow people to access it hroiid range of data sources and in the medium term to 
deliver World Wide Web access to hand held mobile terminals. This will inevitably place 
demands on the system hardware employed. 
1.2 The Software Radio Concept 
These standards operatc Nvith Various air intcri'aces at it varlety of' Frequencies and over it 
ranac of' handwiddis, creating differing alliplifier perk) HIM lice 1'equirciliclits. So system 
operators now require hardware that is capahle of' supporting various standards with minimal 
modification. Current research is anned at the evolution of' the software radio concept 15,61 
which would contain hardware capable of supporting multipic standards with it recoiAigurable 
software basc, The concept of' it softwmv radio with global roaming capability is shown ill 
figure I. I. 
GRAN & Core t, Aclwoik: i Ii it ciworking 
r 
Midliple Rudio Inteitaces 
Figure IA The GlOb-11 Ro. "lling Software R. I(li() 
t-Haptur I 
Current mobile system hardware has partially achieved this aim by using multiple parallel 
radio chains (dual-band and tri-band systems) driven by a single baseband software system 
which allows a level of global roaming in the case of GSM. The use of multiple R. F. chains 
has an inevitable impact on the efficiency of the radio system however. For example a single 
band mobile has a standby time of 7 days and a use time of 4 hours, whereas a dual band 
mobile has a standby time of 5 days and a use time of 3 hours'. With the customer 
expectation of these long standby and use times the efficiency and power consumption of the 
radio hardware is very much to the fore of discussion and research direction in terms of 
amplifier design. 
1.2.1 System Bandwidth Requirements 
Second Generation systems operate with a channel spacing of 200kHz and a total occupied 
bandwidth of 25MHz either side of the frequency allocation for the uplink and the downlink. 
GSM also operates using a constant envelope modulation scheme known as GMSK. This 
relaxes the amplifier linearity requirements significantly. Current second-generation systems 
such as GSM are limited in terms of the achievable data rate that maybe transmitted, although 
the next evolution of GSM known as GSM Phase 2+ (GSM EDGE etc. ) is addressing these 
issues. Current GSM systems support a data rate of 9.6kbps. This allows the system to 
support voice and limited data services such as SMS and e-mail. The next phase of GSM is 
capable of supporting data rates of up to 182.4kbps. This upper data rate is likely to be the 
maximum rate that will be supported by the GSM system. 
The development of UMTS has been fuelled by the need to provide higher data rates than are 
currently possible and with the desire to create a global communications standard. The aims 
of UMTS are: 
0 To support full coverage and mobility for 144kbps, preferably 384kbps 
9 Lin-dted coverage and mobility for 2Mbps 
High spectrum efficiency compared to existing systems 
High flexibility to introduce new services. 
UNITS aims to provide a broad range of services currently unavailable under the GSM 
standard. The proposed range of services offered by UMTS are shown in figure 1.2. 
1 The figures are based on single band and dual band Nokia mobile phones. Data obtained September 99 from http: //www. uk. orange. net 
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Figure 1.2 Bandwidth Requirements of UMTS 
In order for UNITS to achieve the required improvements in data rate over GSM the UMTS 
system has been designed to operate over a channel bandwidth of 5MHz using QPSK and 
BPSK modulation schemes, this has implications on the required power amplifier 
performance. 
A table of the various amplifier requirements for GSM, GSM EDGE [4] and UMTS 






















GSM GMSK 200 -30dBc -60dBc -30dBc -60dBc 
GSM-EDGE 8 OPSK 200 -30dBc -60dBc -30dBc -60dBc 
UTRA-FDD QPSK 5000 -45dBc -5OdBc -33dBc 
: ZdBc 
UTRA-TDD QPSK 5000 -45dBc -55dBc -33dBc -43dBc 
Table 1.1 Amplifier Linearity Requirements of Modern Communication Systems 
2 BTS used to denote GSM/GSM EDGE basestation. BS used to denote UTRA basestation. 
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1.3 Basestation R. F. Power Amplification 
With a mobile network there are two basic methods of providing the necessary amplification 
of the user channels. The channels maybe individually power amplified and then power 
combined. Alternatively the channels are up-converted, power combined and then amplified. 
These two approaches are shown in figures 1.3 and 1.4 respectively. 
The approach adopted in figure 1.3 has the advantage of using narrowband power amplifiers 
which are easier and cheaper to produce, however this approach requires high power 
combining which results in a significant loss in the total available output power of the 
amplifiers. There is also the associated additional heating effect from this loss in power that 
cannot be transmitted over the air. 
The broadband amplifier illustrated in figure 1.4 overcomes the losses associated with high 
power combining by modulating and upconverting the baseband signal at low power. This 
signal is then combined before amplification. This low power combining results in minimal 
loss of power and minimal associated heat losses. The signal is then broadband power 
amplified, typically over several 10's of megahertz at a carrier frequency anywhere between 
900-220OMHz depending on the particular requirements of the operator and the relevant 
countries regulating authority. 
So there is a need for amplification systems which are capable of operating over significant 
bandwidths at high levels of efficiency. These amplifiers are also required to support multiple 
standards and operating frequencies. Therefore there is a need for broadband high efficiency, 
multi-standard R. F. power amplifiers within modem communications systems. This thesis is 
intended to investigate amplifier linearisation techniques that are suitable for use in 2 nd and Yd 












Narrowband Power Amplifiers 





Figure 1.4 Broadband Basestation Amplifier 
> 
Broadband Power Amplifier 
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1.4 Structure of Thesis 
Chapter 2 of this thesis covers the background to this piece of work, the areas covered include 
the way amplifiers are characterised, the conventional classes of amplifier and the methods 
which are used, or have been proposed for the linearisation of power amplifiers. 
When considering the method used to linearise an amplifier it has been stated that efficiency 
is of prime importance when basestation and mobile power amplifiers are considered. For 
this reason the R. F. predistortion technique has been chosen for further investigation. 
Predistortion has been proposed previously as a linearisation technique but the majority of 
these systems use baseband predistortion techniques. R. F. predistortion has been chosen for 
its potential application within broadband systems. One form of R. F. predistortion is 
polynomial predistortion. Chapter 3 covers the mathematical analysis of a3 rd order 
polynomial predistortion system that is suitable for the broadband linearisation of a power 
amplifier. 
Chapter 4 introduces a new form of broadband polynomial predistorter for use within a 
basestation or mobile amplifier system. The predistortion system is examined in detail in 
order to characterise its performance in terms of the possible achievable bandwidth, the 
achievable improvements in amplifier performance. The system's tolerance to gain and phase 
errors is investigated and comparisons are made with the theoretical performance obtained 
form the analysis within chapter 3. The effect changes in input have on system performance 
and the system's transfer characteristics are also investigated. 
Chapter 5 introduces the possibility of utilising a polynomial predistortion system to linearise 
highly non-linear power amplifiers. A practical realisation of a polynomial predistortion 
system is presented. Investigations are presented which show the linearity that is achievable 
and the systems tolerance to errors. 
Chapter 6 provides a summary of the thesis and from this summary some conclusions are 
drawn about the work carried out within the preceding chapters. This chapter also contains 
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Chapter 2 
Amplifier Characteristics and 
Linearisation Techniques 
This chapter discusses how an amplifier would ideally behave and how amplifiers behave in 
reality. The chapter explains how amplifiers are characterised and the various tests of 
linearity that are employed to measure amplifier performance practically. The chapter also 
carries out a review of current and future methods of amplifier linearisation which have been 
considered in the literature. 
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2 Amplifier Characteristics and Linearisation Techniques 
2.1 Introduction 
The issue of linear efficient broadband amplification is one of the essential requirements of 
any modem radio communication system. This chapter will cover the issues associated with 
R. F. power amplifiers. In an ideal world an amplifier would provide distortion free, 100% 
efficient, multi-frequency, broadband amplification using a single amplification module. 
Currently this situation has not been realised and so techniques have been developed to 
describe how an amplifier behaves in practice. Amplifier characterisation is essential if the 
effect that the amplifier has on the signal is to be quantified. This chapter describes how 
amplifiers are currently characterised and then discusses the operation of the classic amplifier 
classes and finally carries out a review of amplifier linearisation methods. 
2.2 Amplifier Characteristics 
2.2.1 Amplifier Distortion 
An ideal amplifier would produce an output signal y(t), which was a delayed and magnified 
replica of the input signal x(t). Assuming a frequency flat group delay this can be expressed 
mathematically as 
y(t) = Kx(t -to) 
which implies that the amplifier transfer function H (j(O) must be 
H (jco) = Ke -i"O (2.2) 
This means that any deviation from the constant amplitude K and the constant negative phase 
shift -jcoto will result in amplitude and phase distortion as a function of frequency [1]. 
Besides this type of distortion, other deviations can occur if the amplifier possesses non-linear 
elements. In this case it is not possible to describe the amplifier by a single transfer function. 
Instead the output is often expressed as a non-linear function of the input, that is, 
y(t) = T[x(t)] this is shown in figure 2.1. Signal distortion resulting from this type of 
deviation is often called "non-linear distortion". 
10 
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Y(t) = TWO) 
X(t) 
Figure 2.1 Transfer Characteristic of a Non-linear System 
2.2.2 Amplitude Distortion in Power Amplifiers 
The most common type of non-linearity used to characterise power amplifiers is the 
amplitude, or more commonly the AM-AM distortion introduced by the amplifier being 
considered. If the amplifier is assumed to be memory less, that is, its output voltage is an 
instantaneous function of its input voltage. Then the output voltage e. (t) can be represented 
by a power series [I] of the input voltage ej (t) as 
eo =k e +k e2+k eý +... + k. e' (2.3) 1121311 
For a linear amplifier all k, 's are zero for i=2,3 ...... The representation of e. in equation 
2.3 neglects the phase characteristic of the amplifier. Considering an amplifier with a mild 
non-linearity such as a typical class A or AB amplifier then eo may be represented as 
eo = k, e, + k2e 2+ k3e 3 (2.4) ii 
If e, =A cos (o, t then eo can be written as 
eo =I k2A'+ k, A+ 
3 
k3A 3 Cos (Olt +I k2A 2 cos2co, t+lk3A 3 cos3o)lt (2.5) 2424 
Equation 2.5 shows how the resultant signal consists of the fundamental frequency (0, and 
additional signals at dc, the second harmonic frequency 2co,, and the third harmonic 
frequency 3(0,. In a practical system these out of band components may be filtered out and 
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so they will have no impact on bandwidth performance of the operational system. From 
equation 2.5 it can be seen that the fundamental component of eo has an amplitude of 
1 
ý2 ), 
which is greater than k, A (the linear gain) if K>0 and smaller than k, A(I + -1 
(IkI 
3 4 
k, A if K3 < 0. This is known as gain expansion and gain compression respectively. 
Practical amplifiers are compressive i. e. K3 <0 and their output power is usually 
characterised at the IdB compression point. The IdB compression point being defined as the 
output level at which the amplifiers gain is IdB less than the small signal gain. An amplifier 
may be characterised in this way by applying a range of input powers to the amplifier and 
measuring its gain. 
Intermodulation Distortion and Intercept Point 
Changes of gain with amplitude cause the output signal to be distorted. If a two tone signal is 
applied to this system such that 
e, =A (cos co, t+ COS C02t) (2.6) 
it may be shown [1] 
eo = k2A 







cos(2(o, - W2 





COS 2(j), t+1 k2A 
2 
COS 2oy +2 k3A 
3 




COS Rol t+I k3A 
3 
COS 3(02t 44 
(2.7) 
Equation 2.7 shows that the output signal consists of dc terms, the fundamental terms co, and 
(02 . second harmonic terms at 
2(0, and 2(02 and third harmonic terms at 3co, and 3(02, 
The undesired harmonic terms may be filtered to leave only the fundamental tones. In 
addition intermodulation products are also produced. These consist of the second order 
intermodulation products (IMP's) at 0), ± (02 and the third order intermodulation products at 
2co, ± W2 and 2W2 ± (ol. The second order IMP's fall outside the passband and therefore are 
filtered in the same way as the dc terms and the harmonics. The third order IMP's however 
fall within the passband and will distort the desired output signal at the fundamental 
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frequencies (01 and 021 this is known as intermodulation distortion (IMD)l. This is shown 
in figure 2.2. 
Figure 2.2 Spectrum of Intermodulation Distortion 
This result has important implications when assessing amplifier linearity, the higher the IMP 
power the poorer the linearity. A two-tone test is used as the main test of the linearity 
performance of an amplifier being linearised, or an amplifier being used in an operational 
system. The lower the third order and subsequent orders of IMP's are below the main tones 
the better the performance of the amplifiierý. The two-tone test is usually carried out at the, 
IdB compression point, this gives a repeatable point for comparison of results between 
different types of amplifiers and linearisation schemes. The reasons for choosing this point 
are twofold, firstly the IdB compression point is an easily measured amplifier parameter and 
secondly the third order IMP's increase at three times the rate of the main tones when the 
amplifier is driven into compression, therefore for every IdB increase in the main tones the 
third order IMP's increase by 3dB. This leads to the concept of the third order intercept point. 
This is defined as the output power level P, at which the output power P(2, -,,, ) at the 
frequency 2co, - 02 would intercept the output power PO at (j), (when the amplifier is 








%. -, 01 
;j 
C 
Figure 2.3 Definition of Intercept Point 
Figure 2.3 shows that at low power levels the output power PO is directly proportional to the 
amplitude of the input signal while the output power 202 - 0), is directly proportional to the 
cube of the input amplitude. Therefore on a log-log scale (i. e. dBm-dBm scale) the plot of 
each will be a straight line with a slope corresponding to the order of the response, i. e. the 
response at (0, will have a slope of I and the response at 2co, - ())2 will have a slope of 3, 
where they intersect is the intercept point. It may be noted that the intercept power P, is 
independent of the input power and is therefore a useful measure of the system non-linearity, 
which is quoted in manufacturers literature when comparing amplifiers. 
14 
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2.2.3 Phase Distortion in Power Amplifiers 
Apart from amplitude distortion amplifiers can be affected by another type of distortion, 
where the phase shift is a function of the instantaneous amplitude of the input signal. The 
output phase can have a ripple around a mean phase value. This is known as AM to PM 
conversion. The amount of AM to PM associated with a particular amplifier can be measured 
by applying various input powers to the amplifier and measuring the phase change across the 
amplifier. The AM to PM transfer characteristic can then be produced which relates power 
level to phase change. 
2.3 Bandwidth of Operation 
The bandwidth over which amplifiers operate may be described as being either wideband or 
narrowband. In general these terms are note well defined, and so a more satisfactory 
definition is required 3. 





where B is the absolute bandwidth, and f, is the centre frequency of the band. This is an 
important parameter in the characterisation of amplifiers and auxiliary components. 
Channel bandwidth is the absolute bandwidth, which a single channel occupies in a multi- 
channel system. 
3 The author acknowledges Dr. A. Mansell as the source of this definition 
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For the purposes of this work, the definitions in Table 2.1 are used. 
Term Relative Bandwidth Channel Bandwidth 
Narrowband < 0.5% < 30kHz 
Mediumband 0.5-5.0% 30 - 500kHz 
Wideband > 5.0% > 500kHz 
Table 2.1 Definitions of Bandwidth 
2.4 Traditional Amplifier Classes 
The previous sections have shown how amplifiers maybe characterised and compared in 
terms of their performance. This section will give a brief overview of the traditional 
amplification classes [2]. 
2.4.1 Class A 
Cb 




Class A power amplifiers operate with a continually flowing bias current which is arranged 
such that the transistor is operating within it's linear region of operation. A typical class A 
power amplifier is shown in figure 2.4. This makes class A power amplifiers the most linear 
of the traditional classes of amplifier. Typical figures for linearity for a class A amplifier are 
between -30 to -6OdBc. This large variation in linearity perfon-nance is due to the method of 
operation of the amplifier. It is possible to improve the linearity performance of the amplifier 
by increasing the amount of back off applied to the amplifier. This has an impact on the 
achievable efficiency of a class A amplifier. The efficiency of a class A amplifier maybe 
expressed as [2]: 
P. 
= V., .: c I Pi 2Vc2c -2 (2.9) 
This is the maximum theoretical efficiency assuming that the amplifier will be driven into 
saturation. When linearity is important then significant amounts of back off will be required 
which has a severe impact on the efficiency of the amplifier so in practice measured 
efficiencies are lower than the theoretical maximum, typical values are 10- 15 %. 




Figure 2.5 Class B R. F. Power Amplifier 
Class B amplifiers employ two transistors in an effort to improve the poor efficiency of class 
A power amplifiers. A typical class B power amplifier is illustrated in figure 2.5. The 
amplifier operates in the following manner, the input signal is split into positive and negative 
half cycles these signals are then amplified by power transistors and then recombined at the 
output to generate an amplified composite signal. The transistors are biased at cut off so that 
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no current flows until a signal is applied. This has the effect of increasing the efficiency of 
this type amplifier with respect to a class A amplifier at the expense of increasing complexity. 
The efficiency of a class B may be calculated from [2]: 
p 
il ="= -IV-" -< 7 8.5 % (2.10) Pi 4Vcc 4 
This equation shows that the efficiency of a class B amplifier is considerably higher than a 
class A amplifier. But this improvement in efficiency is obtained at the expense of amplifier 
linearity. Typical practical conversion efficiency is usually 30-50%. Typical values of 
distortion for this amplifier are -20to -25dBc. The reduced linearity performance of this type 
of amplifier is due to operating the amplifier just at cut off, this introduces distortion which is 
caused by the transistor turning on, this distortion effect is known as cross over distortion 
2.4.3 Class AB 
Class AB amplifiers are class B amplifiers which are biased such that a small amount of 
current follows even when no signal is present. This current is designed to eliminate to a 
large extent the distortion due to the cross over effect. This approach does have the 
disadvantage of reducing amplifier efficiency to some extent. But if the bias current is chosen 
to be an extremely small proportion of the signal current then the efficiencies obtained will 
still be greater than those obtainable with a class A amplifier, while an amplifier with a 
linearity performance approaching that of a class A amplifier is produced. 
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2.4.4 Class C 
RFC 
ch 
Figure 2.6 Class C R. F. Power Amplifier 
1 
Class C power amplifiers operate by biasing the transistor strongly into the cut-off region. A 
class C amplifier is shown in figure 2.6. This means that the conduction angle is much less 
than 1800, which results in an amplifier which has the highest efficiency of any of the non- 
switched amplifier classes. The efficiency of this amplifier is related to the conduction angle 
that is chosen by the designer. Class C amplifiers are usually used as saturated amplifiers for 
at least part of the conduction cycle to increase the overall efficiency of the amplifier. This 
enables efficiencies of the order of 50-60% to be achieved in practical applications. Early 
class C amplifiers were designed to operate with vacuum tubes [3], but the biasing techniques 
used for vacuum tubes may not be used for solid state power amplifier applications. To bias a 
solid state Class C amplifier a technique known as "Class C mixed mode" is used [2]. Due to 
the extremes of operation of class C amplifiers their intermodulation performance is poor with 
the highest products being typically at -15dBc. 
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2.4.5 Classes D, E and S 
Switching amplifiers are amplifiers in which the transistors are employed as switches rather 
than as current sources. This reduces the power dissipation within the device and thus 
increases the efficiency that may be achieved. Switching amplifiers may be used within 
broadcast transn-dtter applications and are finding application within certain linearisation 
schemes such as LINC, this and other linearisation techniques are reviewed later in this 
chapter. 
Class D amplifiers [4] employ two active devices that are operated as two pole switches. 
These devices are connected to a tuned output circuit that removes the harmonics resulting in 
a sinusoidal output. Class D amplifiers can be used as broadband amplifiers, but their high 
frequency performance is poor due to device capacitance. The efficiency of an ideal class D 
amplifier is 100%. 
Class E amplifiers [5] use a single device connected to a passive load network. The amplifier 
utilises a shunt capacitance to reduce the effect of device capacitance so the overall high 
frequency performance of this amplifier is superior to class D amplification. Class E 
amplifiers can be used in high frequency applications but due to the tuned nature of the shunt 
capacitance the amplifiers may only be used in narrowband applications. The theoretical 
efficiency of a class E amplifier is 100% but practical efficiencies are usually 80%. 
Class S amplifiers [6] employ a PWM technique to sample the signal at many times the 
operating frequency. The need to sample the waveform limits the maximum frequency of 
operation of this type of amplifier. To obtain a meaningful signal usually requires a sample 
rate of 2.5-3 times the operating frequency. Again the theoretical efficiency of this type of 




2.5 Linearisation Techniques 
Linearisation techniques can be divided into two broad categories, those that are narrowband 
and those that are broadband. The linearity improvement that is obtained is dependent on the 
technique employed and on the amount of non-linearity already present in the amplifier being 
linearised. This section describes some of these techniques and explains their advantages and 
limitations. 
2.5.1 Narrowband Techniques 
2.5.1.1 R. F. Feedback 
Input output 
Feedback Network 
Figure 2.7 R. F. Feedback 
R. F. feedback [7] uses a high gain amplifier whose gain is reduced by feedback so that it 
operates in a more linear manner, a typical R. F. feedback amplifier is shown in figure 2.7. 
This method is potentially unstable due to the use of feedback. Under normal operation the 
signal is fed-back 180 degrees out of phase to the input resulting in linear operation. But if a 
further 180 degrees of phase shift is introduced through the loop, then positive feedback 




2.5.1.2 Cartesian Loop 




Figure 2.8 The Cartesian Loop Amplifier 
)Utput 
The signal consists of quadrature components, the I&Q signals. These signals are fed into 
differential amplifiers that implement the subtraction process to generate the error signals. 
The outputs of the differential amplifiers are up-converted to R. F. using a quadrature R. F. 
oscillator. The R. F. signals from the two paths are then combined to the RE output signal 
that is then applied to the amplifier. 
Cartesian loop does have several draw backs however. To achieve high linearity perfon-nance 
the loop must be stable, the cartesian signals must be accurately generated and the quadrature 
of the local oscillators must be maintained. Loop stability may be improved by inserting a 
phase shifter between the LO inputs of the quadrature up and down conversion paths which 
increases the phase margin of the loops. The required phase change is a function of frequency 
so the stability can only be maintained for narrowbandwidths. 
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This method does provide excellent linearity over narrowbandwidths and amplifiers with up 
to -75dBc performance have been designed at a variety of frequency bands in VHF, UHF and 
SHE 
2.5.1.3 Polar Loop 
Polar loop is in effect a technique [ 11] very similar to cartesian loop, but instead of using the I 
and Q baseband cartesian components it utilises the baseband amplitude and phase 
components i. e. the polar components, the technique is illustrated in figure 2.9. 
Polar loop in effect utilises a phase locked loop to up and down convert the baseband signals. 
The baseband single sideband signal is used to control the operating frequency of the VCO 
which controls the frequency of operation of the transmitter. The original baseband SSB 
signal and the down converted transmitter output are compared and used to provide the 
feedback action which is applied to the RF power amplifier power supply. This form of 
transmitter has to date mainly been used for narrowband linearisation due to the problems of 
feedback stability. The results for narrowband operation are reasonable with IMD products 
suppressed to less than -50dBc with tone spacing of 0.5kHz. 
M odulation 































Figure 2.10 Adaptive Baseband Predistortion 
Adaptive baseband predistortion shown in figure 2.10, uses a DSP to calculate the coefficients 
of the predistorter required to produce a linear output. There are three basic forms; mapping 
based, gain based and analogue, these are discussed below. 
Mapping Based Predistorter 
A mapping based predistorter uses a two dimensional look up table which maps any point on 
the complex plain to any other point. The input signal in I&Q format is converted by the 
DSP into a predistorted signal by direct mapping. This signal is then up-converted and 
amplified. A part of the output signal is then down-converted and fed-back into the 
predistorter and used to adapt the look up table to minimise the error between each I&Q 
constellation point. This has the effect of minimising the distortion. This method has the 
potential to provide excellent linearity with IMP's of -60dBc achieved through simulation. 
The technique does have several disadvantages however. To obtain good cancellation the 
look up table for 10 bit accuracy needs to have 20Mbits of data. The time of convergence is 
slow typically 10 seconds. Due to the use of a DSP the technique is inherently narrow-band. 
Finally the power consumption of the DSP and associated ADC's and DAC's will be a 
significant proportion of the total power requirement of a typical hand portable unit. These 
devices may consume up to 4W [12] which is significantly higher than the amplifier alone 
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which normally consumes less than IW in most systems and less than 0.5W in many systems. 
This means that the power efficiency of an adaptive baseband system is very poor. This will 
continue to be the case until device technology advances to the point where the predistorter 
power consumption is a small proportion of the amplifier power consumption. 
Gain Based Predistortion 
This method of predistortion is effectively a one dimensional [131 mapping predistorter. It 
uses the envelope level of the signal to produce the required complex output signals. 
Interpolation is used to calculate the required intermediate values. Because this method only 
refers to the amplitude to calculate it's coefficient's the memory requirement is much lower, 
typically only approximately 64 words are required to produce similar performance to the 
mapped based technique. The convergence time is much lower due to the reduction in the 
number of mapped points (typically milliseconds this is dependent on the channel bandwidth), 
and the re-convergence time is negligible. 
This method however is much more computationally intensive than the mapped based 
technique. This is due to the necessity of calculating the interpolated points. Additionally 
accurate control of the cartesian modulator is required, as the method cannot correct errors 
due to the modulation process. 
Baseband Analogue Predistorter 
This method [14] uses analogue components to predistort the input signal which are 
controlled by a DSP. The predistorter characteristic is not altered in real time and so 
convergence time is relatively slow. The amplifier output is down-converted to baseband and 
the envelope used by the DSP to calculate the new predistorter characteristics. This technique 
is much less complex than the other adaptive baseband predistortion techniques. 
2.5.1.5 RF Synthesis 
RF Synthesis techniques are a group of amplifier linearisation schemes where the RF signal is 
split up into separate constant envelope components which are amplified using high 




Envelope Elimination and Restoration (EE & R) 
Envelope elimination and restoration was first proposed by Kahn in 1952 [15] and was further 
developed for use as a single sideband transmitter [16]. The technique is essentially an RF 
amplifier linearisation technique. The EE &R technique is now extensively used in high 




Figure 2.11 The Envelope Elimination and Restoration Amplifier 
The technique works by splitting the input signal into two separate signals, an amplitude 
modulated signal and a phase modulated signal. The phase modulated signal is amplified by 
an efficient R. F. amplifier, usually a switching amplifier is used at VHF frequencies and class 
C amplifiers are preferred for UHF frequencies. The amplitude modulated signal is amplified 
by an efficient A. F. amplifier, the output from this amplifier being used to modulate the R. F. 
amplifiers power supply. 
Llnear Amplification using Non-Linear Components (LINC) 
LINC originally suggested by Cox [17] in 1974 uses the principle of splitting the composite 
baseband signal into separate constant amplitude phase varying signals. These signals may be 
amplified separately by any amplifier with sufficient bandwidth for the task no matter how 




L3 2" Lj 
Figure 2.12 The LINC Transmitter 
Mathematically this may be expressed as 
put 
(t) = E(t)cos(o), t + 19 (t)) (2.11) 
(t) =E cos((O, t + O(t) + (X(t)) 
S2 (t)E cos(co,, (t) + O(t) - cc(t)) 
cc(t) = Cos' 
E(t) 
-E. 
where: S(t) is an arbitrarily modulated signal 
E(t) is the amplitude of the signal which has some maximum value E 
O)c is the carrier frequency 
O(t) is the phase content of the signal 
S, (t) and S2 (t) are the resultant constant envelope signals 
The LINC technique has the potential to provide almost 100% efficient amplification if 100% 
efficient amplifiers were used. The technique does however have a number of problems if an 
effective implementation is to be achieved, first the signals have to be split in a very precise 
manner and the bandwidth occupied by these signals prevents the technique being used for 
broadband applications. The second problem is the necessity for a low loss high power 
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combiner for the resultant amplified amplitude and phase signals, some work has been 
undertaken in this area [18] but still this issue is likely to prevent the LINC technique from 
achieving it's promised levels of efficiency. 
The Combined Analogue Locked Loop Universal Modulator (CALLUM) 
The CALLUM [19,20,21] technique is effectively a LINC derivative which addresses the 
component separation, system control and frequency translation issues necessary for an 
effective transmitter of this type. The CALLUM transmitter is shown in figure 2.13, the 
system incorporates a feedback control loop which carries out all the necessary signal 
conditioning and control for the effective operation of the transmitter. The main difference 
between this transmitter and the standard LINC transmitter is that the control and frequency 
translation is carried out using a VCO for each path. CALLUM may be implemented in 
analogue or DSP forms. In it's analogue form it is a definite contender for use as the mobile 
part of the TETRA radio system. CALLUM however due to it's feedback topology is only 









Figure 2.13 The Combined Analogue Locked Loop Universal Modulator 
Component Separation & 
Frequency Translation Non - Linear 





Linear Amplification by Sampling Techniques (LIST) 
The LIST technique was originally proposed by Cox in 1975 [ 22], the technique is essentially 
a modified form of the LINC transmitter which uses digital sampling techniques to carry out 
the signal separation. A diagram of a typical LIST transmitter is shown in figure 2.14. The 
principle is to separate the signals into two constant amplitude signals that have only discrete 
reversals in phase. These signals are than amplified separately by any amplifier or phase 
locked oscillator that has the required bandwidth regardless of the amplitude linearity. The 
LIST technique still suffers form the draw back of the LINC techniques in general i. e. the 
difficulties of sampling and generating the two constant amplitude waveforms and the 
difficulties of efficiently power combining the two independently amplified signals. A 
serious drawback of the technique is the high sample rate required by the technique for 
reasonable signal to noise ratios, for example for a multi-carrier system with a bandwidth of 
20MHz with a SNR of 30dB a sample rate of 450MHz is required. The technique is quoted in 
practical tests of being capable of 40dB of IMP suppression for a 5OkHz-bandwidth signal, 
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Figure 2.14 The LIST Transmitter 
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2.5.2 Broadband Techniques 
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Figure 2.15 The Feedforward Amplifier 
The feedforward linearisation technique was first proposed by Black in 1927 [23]. The 
feedforward technique is shown in figure 2.15. The technique operates in the following 
manner. Assuming a two tone input the input signal is split into two paths, the main high 
power path (top) and the lower power error path (bottom). The main path signal is amplified 
by the main amplifier (Al), this amplifier may be highly non linear and so will introduce 
distortion. A portion of this distorted signal is tapped via a directional coupler and subtracted 
for a delayed version of the input signal. This produces an error signal that is mainly made up 
of distortion products. This error signal is amplified by an error amplifier (M). This signal is 
then recombined in anti-phase via a directional coupler with a delayed version of the main 
amplifier signal. This has the effect of cancelling the main amplifier distortion products at the 
output of the system. The gain and phase controllers are required to equalise the signals at the 
two directional couplers CI and C2 so that maximum cancellation of the input signal and 
distortion products is achieved. Further distortion cancellation may be achieved with 
additional feedforward loops, by considering the feedforward amplifier as the main amplifier 
in another feedforward system. 
The technique is open loop and thus unconditionally stable. The technique does however 
require adaptation of the amplitude and phase in both paths to achieve optimal performance. 
The linearity performance that can be achieved is excellent and can be maintained over a wide 
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bandwidth. Kenington et al [24] have achieved a reduction in inter-modulation distortion in 
excess of 40dB over a 30MHz band centred at 90OMHz (using two feedforward loops). 











Figure 2.16 Block Diagram of a Postdistorted Amplifier 
z 
The postdistortion linearisation technique [25,26] is similar to predistortion, but the distortion 
characteristic is implemented after the amplifier rather than before it. The general block 
diagram form is shown in figure 2.16. The technique is generally unsatisfactory due to the 
high power handling capability required of the postdistorter. This means that any losses 












Figure 2.17 Predistorter Block Diagram 
z 
Predistortion is a broadband technique which has seen some attention in recent years [27,28, 
29]. This section covers the different types of predistortion and the cancellation that has been 
achieved in published systems. 
Predistortion in its basic form which is shown in figure 2.17 uses a non-linearity at the input 
to the amplifier that has the inverse of the transfer function of the amplifier being 
predistorted. The method is essentially open loop and therefore unconditionally stable. Being 
open loop means that the technique in its simplest form is non-adaptive and so will not 
respond to changes of amplifier transfer function caused by temperature changes ageing of 
components or channel switching. Predistortion can be divided into two broad categories, 
adaptive baseband predistortion and R. F. / I. F. predistortion. Adaptive baseband predistortion 
has been implemented in [30,31] using DSP technology, which may be designed to be 
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adaptive. Where as the high frequency techniques represented by R. F. and 1. F. predistortion 
have been implemented using analogue components. These analogue systems are more 
difficult to design with adaptation built in. 
2.5.2.4 R. F. and 1. F. Predistortion 
R. F. based predistorters work at the desired carrier frequency, whereas I. F. based predistorters 
work at a reduced frequency and then up-convert the predistorted signal prior to 
amplification. Both methods use analogue components to produce the predistorted signal. 
Currently published techniques have employed diodes, amplifiers and FET's as the 
predistorting elements. These analogue-based predistorters can be broken down into three 
categories, generic predistorters, piece wise linear predistorters; and polynomial predistorters. 
2.5.2.5 Generic Predistorters 
Generic based predistorters [32,33] use a non-linear device which has a transfer characteristic 
which is the inverse of the amplifier which is being linearised. Generic predistortion. has thus 
far been used on amplifiers with a compressive characteristic such as class AB television 
amplifiers and TWT satellite amplifiers. So the devices used to date have exhibited expansive 
characteristics to counteract the compressive nature of the amplifiers. Therefore devices used 
as predistorters so far include dual gate GaAs FETs operating close to pinch-off and Schottky 
diodes. 
2.5.2.6 Piece Wise Linear Predistortion 
The piecewise linear predistorter is a variation on the generic predistorter which for increased 
complexity increases the number of degrees of freedom, providing improved flexibility and 
linearity. The method uses a non-linear network which approximates the ideal predistorter 
characteristic using a number of segments. The method is completely general and may be 
used to linearise any kind of non-linearity. Piecewise linear predistortion (PLP) approximates 
the ideal predistorter characteristic using a number of piecewise linear segments [34,35,36], 
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Figure 2.18 Discontinuous Piecewise Linear Predistorter 
The transition between the segments occurs at what is known as a knot, The characteristic of 
a general PLP is a discontinuous function. It is also possible to constrain the characteristic to 
be continuous fon-ning the continuous first order PLP. This method has the advantage of 
using relatively simple circuit architectures to implement the required functions. 
2.5.2.7 Polynomial Predistortion 




Polynomial predistortion [37,38,39,40] shown in figure 2.19 is a technique used to cancel a 
single order of non-linearity. The predistorters operate by applying a single order of non- 
linearity to the amplifier with the effect of reducing the level of the IMD product, which is the 
same order as the predistorter. So a cubic non-linearity can be used to reduce the third-order 
IMP's and a quintic non-linearity can be used to reduce the fifth-order IMP's. The predistorter 
operates by vector addition of the intermodulation products from the predistorter with the 
intermodulation products generated by the amplifier. The predistorter produces 
intermodulation products which are of equal amplitude and in anti-phase with the products 
generated by the amplifier, the effects of this cancellation may be seen in figure 2.19, This 
method can be applied to any further order of non-linearity such as 7th, 9th etc. The 
polynomial predistorter although it will only correct one order of non-linearity, has the 
advantage of providing a cheap and simple form of linearisation for amplifiers with single 
order non-linearities, i. e. amplifiers that have a mainly 3rd cubic transfer function. TWT 
amplifiers, which are frequently used in satellite systems, have been linearised with 
polynomial predistorters. Polynomial predistorters; are also used to linearise class AB 
amplifiers for television systems. Chapters 4 and 5 investigate polynomial predistorters in 
more detail and develop a new type of polynomial predistorter. 
2.5.3 Hybrid Linearisation Schemes 
The use of hybrid linearisation schemes has received limited attention in the literature. These 
schemes attempt to overcome the efficiency or bandwidth limitations of more traditional 
methods of linearisation. These methods have shown promise to date due to their potential 
for greatly enhancing amplifier performance. To date two methods have been proposed, they 
are the use of predistortion combined with cartesian loop (Composite Modulation Feedback 
Transmitter) and predistortion combined with feedforward. 
2.5.3.1 Composite Modulation Feedback Transmitter 
Composite modulation feedback was proposed by Mansell [41] with the intention of 
overcoming some of the limitations of the cartesian loop technique. A block diagram of this 
technique is shown in figure 2.20. The technique operates in the following way; the input 
signal is first predistorted using a purely cubic non-linearity, this predistorted input signal is 
then correctly scaled and then coherently summed with the Cartesian loop error signal. The 
effect of this process is to effectively make the Cartesian loop operate around a partially 
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corrected non-linearity, this has several advantages for the predistorter and Cartesian loop 
design. The simple predistortion design used can add an additional 10 to 20dB of linearity 
improvement using a very low resolution (4 -8 bit) data conversion; the Cartesian loop 
corrects any low level distortion remaining after the predistortion process. The advantage for 
the Cartesian loop process is the reduction in loop gain required for an equivalent combined 
linearity improvement. This has the added advantage of improving loop stability and 
flexibility that significantly reduces transmitter wideband noise. The system is set up such 
that the Cartesian loop is running with a low loop gain, resulting in an IMP improvement of 
25dB. The predistorter reduces the IMP's by a further I IdB, which results in all IMP's being 
below -67dBc. These results were obtained with a tone spacing of 20kHz. The main 
applications of this technique are narrowband basestation transmitter design and mobile 




Figure 2.20 Composite Modulation Feedback Transmitter 
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2.5.3.2 Predistortion and Feedforward 
The combination of feedforward and predistortion techniques was first proposed in [42]. The 
aim of this method is to improve the efficiency of feedforward amplifiers without a loss in 
linearity performance. The method operates in the following manner, a predistortion network 
is fitted before the main and if desired the error amplifier this arrangement is shown in figure 
2.21. This predistorter provides a limited amount of linearity improvement over the raw 
amplifier performance. The feedforward process then obtains the remaining linearity 
improvement. The overall effect of this system is an increase in linearisation performance 
with a system efficiency that is greater than the feedforward process alone. Results obtained 
in [43] show that 29dB of IMP improvement is possible for an amplifier with an overall 
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Figure 2.21 Predistortion and Feedforward Amplifier 
It has been shown by Parsons [44] that the efficiency of a practical feedforward amplifier may 
be expressed as: 
liff =. 
'lAl7lA2CDC (1 - CDC) 
TIAIFIM (I -CDC)+ TIA2LCDC('+ Flm 
Where: 11 Al is the main amplifier efficiency 
11 A2 is the error amplifier efficiency 
CDC is the output coupler coupling factor 
Flm is the fractional power of a single IMP 
L is the fractional loss of signals through the delay 
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It has also been shown in [44] that there is an optimum value of coupling factor CDC, OPT 
which is given by: 
CDC, 
OPT - 




These equations may be used to analyze the effect that changes in amplifier efficiency and the 
IMP performance that the amplifier that is being linearised have on the efficiency of the 
feedforward amplifier being linearised. For the purposes of illustrating the benefit that a 
predistorter has on the efficiency of a feedforward amplifier two cases have been considered; 
main and error amplifier efficiencies of 15% which is shown in figure 2.22 and main and 
error amplifier efficiencies of 60% which is shown in figure 2.23. In both cases an optimum 
coupling factor has been assumed. Figure 2.22 shows that the efficiency of the feedforward 
amplifier is dominated by the delay loss and not the reduction in IMP introduced by the 
predistortion process. However the situation in figure 2.23 is somewhat different when class 
C amplifiers are used as the main and error amplifiers. It maybe seen that significant benefits 
maybe obtained with the use of predistortion, for example with lOdB of cancellation 
introduced by the predistortion system the efficiency has been increased by 10% assuming a 
ldB delay loss. This technique therefore potentially has the capability of making broadband 
efficient linear amplification a reality. 
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Figure 2.23 Combined Amplifier Efficiency with 60% Efficient Main and Error 
Amplifiers 
2.6 Discussion 
This chapter has explained the main types of non-linearity encountered in amplifiers. The 
effects of amplitude distortion, intermodulation distortion and AM to PM conversion. The 
theoretical background to these effects has been covered and the relationship this has to 
practical examples. In an ideal situation amplifiers would have no AM to AM or AM to PM 
distortion which would mean no intermodulation distortion. In practice however all 
amplifiers have some intermodulation distortion. The purpose of this research is to find new 
ways of reducing this distortion to a minimum while maintaining amplifier efficiency. This 
chapter has also introduced same methods for improving amplifier linearity, which have been 
tried in the past. Some of these linearisation techniques are now being applied to commercial 
systems. 
This chapter has also shown that feedforward and predistortion are currently the only two 
methods available for the linearisation of broadband power amplifiers. Although feedforward 
has limitations on the efficiency that maybe achieved, it has been shown that by combining 
feedforward with predistortion techniques then it is theoretically possible to have efficient 
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linear power amplification. The remainder of the thesis is aiming at developing methods for 
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The following chapter deals with the mathematical theory of predistortion and the 
mathematical analysis of an ideal polynomial predistorter. 
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3 Polynomial Predistortion 
3.1 Introduction 
r, 
The review of the current linearisation schemes carried out in chapter 2 has shown that 
predistortion along with feedforward are currently the only techniques with the capability to 
linearise a broadband RF power amplifier. Research has been on going for a number of years 
investigating the different forms of predistortion technique that may be applied to RF power 
amplifiers. The different forrns of predistortion, which have been implemented, are reviewed 
in chapter 2. When considering a form of predistortion for the broadband linearisation of 
amplifiers the problems highlighted in chapter 2 must be born in mind and so having 
considered these factors only feedforward, RF and IF predistortion have the capability to 
perform broadband linearisation of RF power amplifiers. 
The use of polynomial predistortion has been wide spread for many years, particularly in the 
fields of satellite power amplification and high bit-rate point-to-point links [1,2]. Thi§ form 
of amplifier linearisation has traditionally been used where only modest degrees of linearity 
improvement are required, due to the poor matching usually achieved between the predistorter 
and amplifier characteristics. More recently, however, the use of predistortion as an aid to the 
feedforward correction process has been suggested [3) and systems are currently being 
fabricated with purpose designed silicon for both the PA device and the predistorter. This 
paves the way for R. F. predistortion to achieve far greater levels of linearity improvement. 
Because of the open loop nature of this type of predistortion the potential for good broadband 
performance is excellent. To date to the best of the author's knowledge no analysis has been 




3.2 The Ideal Predistorter 
An ideal predistorter should in theory provide the exact inverse transfer function of the 
amplifier being linearised. Considering a block diagram of a general predistortion system 
which is shown in figure 3.1 
X(t) PA 
Figure 3.1 A General Predistortion System 
W(t) FA y(t) 
The operation of the system maybe expressed as follows: 
If an input signal x(t) , is applied to the predistorter which has a transfer function of PA (o), 
then the resulting output may be expressed as w(t) 
W(t) = PA WO) (3.1) 
This signal is then applied to the amplifier FA (e) being predistorted which generates an 
output Y(t) 
y(t) = F., (w(t» (3.2) 
Which may also be expressed in terms of the transfer functions of the predistorter and the 
amplifier, the result being 
y(t) = FA (PA 
(x(t))) 
(3.3) 
For the case of an ideal linear amplifier the output will be the input multiplied by a constant 
k i. e. y(t) = kx(t), therefore the required predistorter characteristic is given by 
PA (x(t)) = FA -1 (kx(t)) (3.4) 
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Therefore the ideal predistorter transfer characteristic is the inverse of the amplifier transfer 
characteristic. This analysis may be extended to cover the AM to AM and AM to PM 
distortion [4] for an amplifier which generates AM to AM distortion FA (*) and AM to PM 
distortion GA (*) it may be shown that 
PA(A)= FA-1 (M) (3.5) 
and 
Gp (A) =0- GA (PA (A)) (3.6) 
Equation 3.6 may also be expressed in the following form 
Gp (A) = 19 - GA 
(F; l (kA)) (3.7) 
So in order to obtain a linear amplifier from a predistorter and non-linear amplifier 
combination the predistorter has to map exactly the inverse of the AM to AM and the AM to 
PM characteristics. The above analysis applies to a general predistortion system. For more 
specific cases the analysis must be carried out for the actual predistorter/amplifier 
combination being used. The next section carries out an analysis for an ideal cubic 
polynomial predistorter which is used to linearise an amplifier which is 3rd order non-linear 
which will be the case for a typical class A amplifier or a class AB amplifier which is biased 
mainly for class A operation [5]. 
3.3 Derivation of Optimal Polynomial Predistorter Coefficients 
x (t) +x M) 




X2(0 X 4(t) 
3 )3Y 
Buffer Phase Variable Cubic ArnpUier 
amplifier Shificr aftniiator nonlinearity 
Figure 3.2 A Polynomial Based Predistorter 
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The following analysis derives the optimal polynomial predistorter coefficients for maximum 
cancellation of 3 rd order intermodulation products. The predistorter circuit in figure 3.2 may 
be analysed as follows: 
for a general two tone test with equal tone amplitudes, the input signal, x(t) , is given by: 
x(t)= A{cos(colt +0: COS(0)2t +OA (3.8) 
This signal is applied to the amplitude and phase controllers of the predistorter giving: 
X2W = k, Alcos(o)lt+ 0, +(D)+COS(o)2t+02 +(D)l (3.9) 
where k, is the resultant gain of the buffer amplifier, as controlled by the variable attenuator 
and (D is the phase-shift introduced by the variable phase-shift element. Note that the above 
assumes that the phase-shift element introduces a constant phase-shift with frequency (since 
the two tones are assumed to be different in frequency). 
This is then applied to the cubic predistorter element, giving 
X3 = k2k, 
3A3 ICOS(O)lt + 01 +0+ COS((02t + 02 + Oll 
By expansion this becomes 
gcos(wlt+O, +(D)+ 9 COS(W2t + 02 + CD) 
x3 (t) - 
k2k, 3A3 +3cos«2(x)l-(02)t+201-02+(D)+3cos«20)2-69i)t+202-0, +(D) 
4) +cos(3w, t+301+3(D)+cos(3o), t+30, +3(D) 
+3 cos«2o) ,+ 
0) 2 )t + 201 + 02 + 3(D) +3 cos«2oi, + wi )t + 202 + 01 + 3(D) 
(3.11) 
Assuming that the final amplifier in the secondary path has a bandpass characteristic, (which 
will typically be the case for a practical amplifier) the out-of-band frequencies will be 
removed. The secondary path input to the combiner is therefore: 
X4 
(3k2k, 3A31 3cos(ia), t+o, +(D)+3COS(0)2t +02 +4)) 
)[+cos((2rA), -0)2)t+201-02+ (D) + cos((20)2- 60, )t + 202-01+(D) 
(3.12) 
The predistorter output is given by 




y(t) = Alcos(0), t+ 
01) + COS(CO2t + 02)1 
33 3cos(o)lt+o, +(D)+3cos(o), t+02 +4)) 
+ 
Lk2k A 
+cos((2o), - (02)t+201-02+ (D) + cos((2(02-(O, )t+202 - 01 + (, ))I 
(3.14) 
Equation 3.14 consists of the original two tones plus the intermodulation products generated 
by the cubic non-linearity. 
The amplifier transfer function is given by 
z(t) = a, y(t) + a3 
(Y(t))3 
By substitution of equation 3.14 this gives 
- Alcm(o), t+ol)+ COS((02t + 02)1 
Z(t) = Cý cos((O, t+ 01 + (D) +3 oo4co2t+02+ (D) 
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-T4 
f+lcos((2a), 
- CtOt +2'01 -02 +(D) + CCý(2W2 -0)1)t+42 -01 +(D)I_ 
(3.16) 
This expansion yields a large number of terms; the only terrns, necessary in this analysis are 
those at frequencies coincident with the fundamental and third-order IMP. The fundamental 
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Whilst the third-order IMP components are given by 
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(3.18) 
Each vector can be seen to consist of four components; it is the resultant of these components 
which is required to be found. If a single frequency is considered (either one of the 
fundamental tones or a single IMP), the resultant phasor may be seen to be of the form 
Rcos(O+, y) = Ecos(O)+ Fcos(o+(D)+Gcos(O-(D)+ Hcos(0+2(D) 
By expansion and simplification this becomes 




In order to find the conditions for optimum cancellation the amplitude of the phasor, R, is 
required, 
R2= [E + (F + G)cos (D +H cos 2(D]' + [(F - G)sin (D +H sin 2(D]' 
By expansion this becomes 
R2 =E 2 +F 2 +G2 +H 2 +2cosil)f- LEF +EG+ FHI+ 2cos2(DIFG +EH}+ 2cos3(D{GHI 
(3.22) 
In this manner, the magnitudes of the fundamental and the third-order IMP components may 
be found. The fundamental amplitude may be found from: 
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(3.23) 
In a similar manner, the magnitude of the resultant third-order IMP may be found from: 
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In order to illustrate the analysis, an amplifier operating at a certain compression point is used 
(usually the ldB power compression point). The peak-input amplitude is set to come to this 
level. The degree of compression is given by the ratio of the actual gain and the linear gain 
(from equation 3.15) 




To calculate the third-order IMP level at this input amplitude, equation 3.25 may be used. 
The ratio of the third-order IMP amplitude to the fundamental is given by 
3a., A 3 
4 






This is similar to the expression derived for feedforward cancellation [6]. Consider the 
following parameters: 
RImp = 20loglo 
3a3A 22 l4a, 
+ 9a3A 
A=0.5, aI=1, a3 = -0.2057 
From equation 3.27 the resultant RImp is 
Rjup = -27.21 dBc (3.28) 
The analysis shows that the result is very similar to feedforward cancellation, as seen from the 
predistorter output, there is vector addition of the cubic distortion produced by the amplifier 
of the linear part of the predistortion signal, and the linearly amplified cubic predistortion 
signal. Vector addition is, in general only applicable to linear systems since it is a form of 
superposition. However, it is also applicable here, as the output of the amplifier is being 
considered, rather than the input. 
53 
Chapter 3 
3.3.1 Gain and Phase Error 
Using equation 3.24, it is possible to show how imperfect gain and phase balance settings for 
the predistorter will influence the degree of IMD cancellation that can be achieved. This is 
shown in figure 3.3 for various gain (amplitude) and phase errors prior to the cubic non- 
linearity (in the lower path of the predistorter) and in figure 3.4 if these errors occur after the 
cubic non-linearity. In practice, errors will occur at both points, and so the result will be a 
combination of the two effects. 
These results are similar (in form) to that derived in [7] for feedforward correction and 
examination of them leads to the conclusion that an ideal predistorter would require an 
extremely high degree of gain and phase matching accuracy in order to achieve a high level of 
IMD reduction. This is unlikely to be necessary for conventional diode or transistor-based 
predistorters, as their characteristics are not sufficiently accurate to provide high levels 
(>300) of IMD removal; hence a more relaxed gain and phase matching specification can be 
used. It is also worth noting the differences between figure 3.3 and figure 3.4; with the 
former representing gain and phase errors prior to the cubic non-linearity and the latter errors 
occurring after it. It is evident that the system is, in general more tolerant of amplitude errors 
occurring after the cubic non-linearity and roughly equally tolerant of phase errors in either 
position, for a given amount of IMD suppression (clearly, at a given gain error there is a 
difference in response to phase errors in the two positions, however this arises from the 
difference in achievable IMD suppression and not a fundamental difference between the two 
positions). A comparison of figure 3.3 and figure 3.4 leads to the conclusion that any gain 
adjustment used in setting up the predistorter (whether manually or automatically controlled) 
would be better placed after the cubic non-linearity, as this position is most tolerant of gain 
errors. An alternative (and equivalent) position would be prior to or following the time delay 
element in the upper path of figure 3.2. This may prove to be a more convenient location in 
some applications, due to the lower signal levels present in the lower path, and the consequent 
need to minimise losses whenever possible. 
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Figure 3.3 IMD cancellation which can be achieved for various values of gain and phase 
error, prior to the cubic non-linearity 
55 
Chapter 3 
........... ...................... ...................................... ....... 
.............. ....... - ............... 
a CO co a) C13 co 
:. 
ý 
-0 V- C, 4 'n 
-0 aaa 'a . .. j........ .............. 
0 C3 cn o C14 Ln C3 C3 
00 04 
........... ........... ............ 
............ ..................... ........................ ........... .......... ....................... ............ .......... .......... ........... ........... ........... . 
...................... ........... ...................... 
.. ................ ........... ............... 
.............. ........... ................ ..................... . 
. ............................ ................. .................. . 
. 
.......... ......... ....................... .......... . 
.......... .......... 
................. . ........... ............ 
. 
........... ........... 
...... ........ t .................. 
..................... 
........ ....... ....... ...................... 
.............. ........... ..................... 
........... .................. 
....................... .......... ........... 
...... 'A ... .... ......... . ................. 
............ ......................... ... .......... 
........... ----------- ............. .......... 
......... 
........................ 
C0 C) 00C 
rl- cc LO NT co N 

























Figure 3.4 IMD cancellation which can be achieved for various values of gain and phase 
error, after the cubic non-linearity 
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The matching requirements in a predistortion system appear to be marginally less critical than 
those required for an equivalent degree of IMD removal in a feedforward system. For 
example, a l5dB improvement in IMD performance may be achieved with amplitude and 
phase accuracy, following the cubic non-linearity, in the region of 2dB and 10 degrees 
respectively. This degree of matching is relatively easy to achieve, without recourse to any 
form of automatic control system. In order to achieve the same level of performance from a 
feedforward system, the amplitude match would need to be improved to IdB; alternatively, 
1.5dB would suffice with a corresponding improvement in phase accuracy (to around 5 
degrees). The above results have assumed a purely AM-AM characteristic for the RF power 
amplifier and this will not be the case in practice, as AM-PM distortion will have a significant 
effect. This will further degrade the likely performance level of a simple predistorter of the 
type considered here. It is, however, possible to use two such predistorters in a quadrature 
arrangement in order to correct for both AM-AM and AM-PM distortion and this arrangement 
should offer an improved overall performance. It should, of course, be remembered that the 
improvements achieved in figure 3.3 and figure 3.4 are additional to the raw IMD 
performance of the RF power amplifier. So, for example, if the uncompensated main 
amplifier had a third-order IMD ratio of 30dB and the predistortion system had a gain error of 
0.5dB and a phase error of less than I degrees (following the cubic non-linearity), the overall 
third-order IMD performance of the complete system would be better than about -55dBc, 
In practice, however, the performance of a purely third-order predistorter will be limited by 
the fifth-order IMD level of the RF power amplifier. Therefore there is little point in 
suppressing the third-order products to a level much below the level of the fifth-order IMD. 
3.3.2 Intermodulation Distortion Performance 
In addition, by using equation 3.27, it is possible to relate the compression point of an 
amplifier with a purely third-order characteristic, to the resultant level of third-order IMD it 















Table 3.1 Relationship between the compression point and IMD ratio of an amplifier 
with a purely third-order non-linearity 
This data allows a simple ANVAM amplifier model to be used with a known level of IN4D 
ratio and compression level. It also gives an approximate idea of the compression level at 
which an amplifier is operating directly from its two-tone test result. The accuracy of this 
approximation will decrease, however, as the non-linearity level in the amplifier increases. It 
is not, therefore, appropriate for highly non-linear amplifiers. 
The operation of the RF predistortion system described above is best illustrated by the use of 
a two-tone input signal. If such a signal is applied to the amplifier specified in the previous 
section, with the input level chosen to drive the amplifier approximately IdB into 
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Figure 3.5 Output Spectrum for an amplifier with linear gain and a third-order non- 
linearity, operating with a peak output power at its 1dB compression point. 
Note that only third-order products are present (in addition to the original input tones), since a 
purely third-order non-linearity has been assumed for the amplifier. If the form of 
predistorter described in the previous section, is used prior to the PA whose two-tone 
response is shown in figure 3.5, the resulting output spectrum is that shown in figure 3.6 
(assuming an ideal setting for the variable attenuator, and perfect subtraction at the summing 
junction). 
Note that higher-order intermodulation products have now been introduced, despite the power 
amplifier (PA) having only a third-order non-linearity. Note also that these products are well 
above the level of the third-order products (now eliminated) and hence provide the 
fundamental limit to the achievable linearity. These additional products are present at a 
relatively high level, despite purely third-order characteristics being assumed for the PA and 
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Figure 3.6 Output spectrum for an amplifier with linear gain and third-order non- 
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Figure 3.7 Output spectrum for the amplifier when preceded by a third-order 
predistorter with a 0-1dB gain error in its lower path. 
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Finally, if it is assumed that the variable attenuator is incorrectly set (with the phase-shifter 
correctly set), and it introduces a OMB error into the lower path of the predistorter (prior to 
the cubic non-linearity), the resulting spectrum is shown in figure 3.7. The third-order IMD 
cancellation is degraded, as would be expected, but the level of the third-order products is still 
below that of the fifth-order products (which have not altered, despite the O. IdB error). This 
demonstrates the relatively generous margin for error which this type of predistorter allows, 
whilst still achieving a high level of performance (around 40dBc overall). 
3.4 Summary 
This chapter has shown the mathematical requirements for ideal predistortion linearisation of 
an amplifier. A new analysis for a cubic predistortion system has been introduced and results 
are presented which show that for perfect cancellation of the third order IMP's the gain and 
phase matching requirements are extremely tight. Gain and phase matching requirements are 
presented for errors that occur both before and after the predistorting element. From these 
results it is proposed that the gain and phase adjustment be placed after the cubic non-linearity 
to allow optimum cancellation of IMP's even in the presence of gain and phase errors. This 
chapter has shown that theoretically it is possible to achieve very high levels of cancellation 
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Practical Cubic Predistorter 
This Chapter describes a polynomial predistorter with a new type of polynomial generator 
element. This predistorter is able to provide improvements in predistortion performance over 
much greater bandwidths than have been achieved previously. 
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4 Practical Cubic Predistorter 
4.1 Introduction 
Polynomial predistortion [1,2,3] has the potential to provide useful improvements in the 
linearity of an R. F. power amplifier whilst not adversely affecting the efficiency of the 
amplifier being linearised. The importance of this fact should not be under estimated when 
considering the form of linearisation applied to a particular amplifier which is required to be 
linearised. Traditional polynomial predistortion. has either been carried out at baseband using 
DSP techniques [4,5] or attempts have been made to generate approximately polynomial 
characteristics using diodes biased near their cut off point or FET's used near their pinch off 
regions [6,7,8,9,10,11,12,13]. DSP techniques will in general provide the greatest level 
of predistortion linearisation improvement but they are limited in bandwidth. DSP 
predistorters require very well balanced up and down conversion chains to ensure correct 
matching of the predistorter to the amplifier characteristic. DSP predistorters also have a 
substantial impact on the efficiency of the overall system due to the power requirements of 
the DSP. Diodes, BJT's and FET's when used to generate polynomial functions only provide 
the crudest approximation to the true polynomial function which is required. The main cause 
of this non-ideal performance is due to the method employed to generate the function. The 
device is always biased on the knee of the characteristic, which results in additional orders of 
polynomial coefficients being generated. Use of this type of polynomial generator has been 
confined to the early work on the identification of a truly 'generic' predistorter'. This chapter 
introduces a new type of polynomial predistortion element, which uses simple hardware to 
predistort an amplifier over far higher bandwidths than have been reported previously. 
I Generic predistorters are predistorters that attempt to produce an exact inverse of the amplifier being linearised. This type of predistorter may be considered as an ideal predistorter. 
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4.2 A New Type of Polynomial Predistorter 
4.2.1 Mixer Based Polynomial Predistorter 
SI SIM S, 
S2 
S, 00 
0ý a S'X S2 
TT 
S2; 
Figure 4.1 A Mixer 
A mixer shown in figure 4.1 is a non-linear component that causes sum and difference 
frequencies of the input signals to be generated. The general form of the output verses input 
non-linearity can be expressed mathematically as a power series such as [14]: 
io = I,, + av, + bv, 
2+ 
CV3 + nVn ii 
where: I,, is the DC current, av, to nv, " are fundamental and 2 nd 3 rd to nth order distortion 
terms. This equation shows that the mixer exhibits a non-linear relationship that may be 
exploited to generate polynomial predistorter. 
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4.2.2 The N th Order Polynomial Predistorter 
Mixers may be cascaded together to form a polynomial predistorter which is shown in figure 
4.2. 
2nd Order Generator 






)p Splitter A 
RF 






nth Order Generator 
Figure 4.2 The N Ih Order Polynomial Predistorter 
RF Out 
This arrangement is the general design for an n"' order polynomial predistorter. The mixers 
provide a multiplication function such that the LO and IF signals are multiplied together with 
the resultant output appearing at the RF port. Mixers are cascaded together as shown such 
that a single mixer produces a second order nonlinearity, two mixers produce a cubic 
nonlinearity, three mixers produce a quintic nonlinearity etc. In the theory this method could 
be used to generate any order of nonlinearity that was required. Initially investigations have 
centred on producing a cubic nonlinearity. This is due to the 3"d order intermodulation 
products being the most significant in the amplifiers requiring linearisation. 
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4.3 Practical Investigation of the 3rd Order Polynomial Predistorter 
4.3.1 The Cubic Non Linearity 
When designing a practical cubic predistorter shown in figure 4.3, it is important that the 
mixers are driven within their specified linear operating region. The local oscillator (LO) 
ports must be driven so that conversion loss is at a n-dnimum. Conversion loss increases as 
drive level is reduced. Manufacturers specify mixers in terms of frequency range and LO 
drive level. For minimum conversion loss mixers should be driven at the specified LO level. 
When mixer LO drive level is above the specified level then power is wasted. If the mixer is 
driven above its absolute maximum power level then damage will result. The intermediate 
frequency (IF) port has a IdB compression point typically 20dB below the LO drive level. In 
order to operate well below this point attenuation is required before each IF port. If this is not 
the case then highly unpredictable non-linear behavior occurs which results in poor 
generation of 3rd order products. This added attenuation results in a symmetrical and 
predictable cubic non-linearity. Values of attenuation were chosen as follows A, = 40dB and 
A2 = 20dB. The design utilized a ZFSC 3-4 three-way power splitter and two LRMS 2D level 




Figure-4.3 The 3rd Order Polynomial Predistorter 
A two-tone test was applied to the cubic predistort 
. 
er element'to investigate its performance. 
The signal consisted of two tones with a centre frequency of 85OMHz, a tone spacing of 
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Figure 4.4 The 3rd Order Polynomial Predistorter Output 
The plot clearly shows the symmetrical nature of the characteristic. It also shows that the 
characteristic contains orders of non-linearity greater than 3'd . The 3d order terms are 1OdB 
below the two tones that produced them. With each successive term lOdB below the 
preceding one. With reference to equation 3.16 a cubic non-linearity should in theory 
produce IMP energy up to 9'h order IMP this can also be seen in the plot. It may also be 
observed that 1 Ith order IMP energy is also present due to the non-ideal performance of the 
mixer elements. 
4.3.2 The Predistortion System 
The cubic non-linearity is only one element in an operational predistortion system. An 
operational predistorter consists of the fundamental path with attenuation and the 
predistortion path. The predistortion path consists of the cubic non-linearity, a buffer 






Figure 4.5 The Predistorter System 
The predistorter functions as follows, the signal is split into a fundamental and predistorted 
path. The signal in the predistorted path first passes through the cubic non-linearity where the 
predistorted signal is generated. The adjustable attenuator and phase shifter provide 
amplitude and phase control respectively. The buffer amplifier in association with the 
attenuator in the forward path ensures that the 3rd order products are at the correct level 
below the main two tones so that 3rd order cancellation results. 
The predistorter was tested with an input level of 9dBm at 850MHz and a tone spacing of 
500kHz the signal being measured at the output of buffer amplifier 2 is shown in figure 4.6. 
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Figure 4.6 The Predistorter Output 
The plot shows that the input to the Wessex amplifier is effectively a multi-tone test. With 
the main tones at -9dBm and the 3d order IMP's at 24dB below the main tones. An ideal 
predistorter would produce an output that contained main-tone and P order IMP's only. The 
plot clearly shows that additional energy is also present in the 5" , 
Vh 
, 9th and the II 
Ih IMp , S. 
This is due to the generation of these additional orders by the cubic nonlinearity. These 
additional IMP's will result in sub optimal cancellation of the 3 rd order IMP's. 
The difference between the main-tone and 3rd order IMP energy is important in achieving the 
best possible cancellation. The ratio of main-tone to 3d order IMP energy at the predistorter 
output needs to be the same as the ratio of main-tone to third order IMP energy which is given 
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Figure 4.7 Plot of Two Tone Test at 850MHz 
The plot shows that the 3rd order IMPs are 26dB below the main-tone energy i. e. -26dBc. So 
the predistorter needs to have a characteristic which has 3rd order IMP's at -26dBc. Applying 
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Figure 4.8 Plot of Predistorted Amplifier Output at 850MHz 
The plot shows that the 3rd order IMP's are now at -44dBc. This is an l8dB improvement in 
performance over the two-tone test. The 5th and 9th order Imp, s have increased. This is due 
to the generation of these terms by the cubic non-linearity. The IMD specification of an 
amplifier is usually quoted for the 3rd order IMP but can be quoted for other orders, 
especially if another order of IMP is greater than the Yd order products. In this case it can be 
seen that although the other orders have increased, the Yd order IMP's are still the largest. 
The Wessex amplifier under test had a frequency range of lOOMHz to IGHz. There is no 
theoretical reason that the predistorter should not work over this range. Therefore 
linearisation tests were carried out at lOOMHz, 220MHz, 50OMHz and IGHz. The two tone 
test results and the resultant Wessex amplifier predistorted outputs are shown in figures 4.9, 
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Figure 4.9 Plot of Two Tone Test at 10OMHz 
97 98 99 100 101 102 103 104 
Frequency MHz 
Figure 4.10 Plot of Predistorted Amplifier Output at 100MHZ 
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The two tone test and the predistorted output at IOOMHz shown in figures 4.9 and 4.10 show 
that the 3rd order products are cancelled by 25dB to -49dBc. The plots also show that the 5 Ih 
order products however are not affected so the overall specification of the amplifier is 
improved by 25dB. 
At 220MHz shown in figures 4.11 and 4.12, the P order products are cancelled by 14dB to 
-46dBc, the 5th order products however have increased by approximately 8dB, so the overall 
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Figure 4.14 Plot of Predistorted Amplifier Output at 50OMHz 
At 50OMHz figures 4.13 and 4.14 show that the 3 rd order products are cancelled by 13dB to 
-42dBc, the 5th order products however have increased by 20dB, so the overall specification 
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Figure 4.16 Plot of Predistorted Amplifier Output at 1GHz 
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At lGHz figures 4.15 and 4.16 show that the 3 rd order products are cancelled by 14dB, the 5d' 
order products have reduced by lOdB. So the overall specification in this case is defined by 
the reduction in P order products. This gives an overall improvement in the specification of 
15dB. 
All the above results were achieved with a tone spacing of 500kHz. This represents a 
medium bandwidth system. For the technique to operate in broadband applications 
linearisation must be achieved with tone spacings greater than IMHz. 
4.3.3 Electrical Delay 
Initial investigations with tone spacings of IMHz or greater gave unsatisfactory results with 
little or no improvement in linearity. In order to investigate the reason for this loss of 
performance the phase shift across the linearised amplifier was measured. The set up in 
figure 4.17 was used. 
Main AmplIffer Direcilonal 38dB Z 60CI 
Tlme Delay Coupler 
A 
-20clB 
3 A 36CIB 





RF Channel 2 
IF AmplIfler I/P 
I" PF Channel I 
Figure 4.17 IMD Phase Measurement Set Up 
Amplifler O/P 
The 89440A vector signal analyser was used to measure the phase difference between the 
main tones and the 3rd order IMP's at the amplifier output at tone spacings of 25kHz, 50OkHz 
and 3MHz. The results of these measurements are shown in table 4.1. 
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Tone Spacing Main Tone Phase Difference 3 rd Order IMP Phase 
Difference 
25 kHz 00 4" 
500 kHz 20 170 
3 MHz 80 50 0 
Table 4.1 Table of IMD Phase Measurement Results 
The results show that as the tone spacing is increased the phase difference increased between 
both the main tones and the 3rd order INV's. The phase differences for the 3MHz case when 
there is no cancellation are considerably higher than the phase differences for 25kHz and 
500kHz spacing when acceptable cancellation results are achieved. This implies that there 
must be a difference in electrical delay between the fundamental and the predistorted paths. 
This is effectively a feedforward type effect in which the components need to arrive in the 
correct phase relationship in order for the system to operate correctly. Therefore the electrical 
delay was adjusted in the forward path to give 3rd IMP cancellation at 3MHz tone spacing. 
The electrical delay was then measured in both paths. The actual delay was the same in each 
path and equal to 16ns. To test how this modification had altered performance narrow-band 
and wide band measurements were taken, these are discussed in the next section. 
4.3.4 Narrowband and Wideband Measurements 
Measurements of achievable cancellation were taken, for the narrowband case for tone 
spacings of 5OkHz and lOOkHz and wideband measurements were taken for 30MHz and 
60MHz tone spacing. All measurements were taken at a centre frequency of 90OMHz. The 
two-tone tests and the cancellation results are shown in figures 4.18,4.19,4.20,4.21,4.22, 
4.23,4.24, and 4.25. 
Comparing figures 4.18 and 4.19 it can be seen that the P order products are cancelled to 
-56dBc an improvement of 38dB over the uncorrected case. Unfortunately the 5h order 
products are unaffected and so the overall specification is improved by 20dB. The Tb and 9h 
order products have increased by 8dB and IOdB respectively. 
Comparing figures 4.20 and 4.21 it can be seen that the 3 rd order products are cancelled to 
-53dBc an improvement of 34dB over the uncorrected case. The 51h order products are 
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unaffected and so the overall specification is improved by 20dB. The 7 Ih and 9'h order 
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Figure 4.21 Plot of Predistorted Amplifier Output at 100kHz Tone Spacing 
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Comparing figures 4.22 and 4.23 it can be seen that the Yd order products are cancelled to 
-38dBc an improvement of l8dB over the uncorrected case. The S'h order products however 
have increased slightly to -4dBm, this represents an increase of IdB. This results in an 
overall improvement in specification of l4dB. The 9"' order products have also increased by 
lOdB. 
Comparing figures 4.24 and 4.25 it can be seen that the 3d order products are cancelled to 
-35dBc an improvement of l5dB over the uncorrected case. The 5'h order products however 
have increased, but not symmetrically the largest product having increased by 4dB. This 
results in an overall improvement in specification of 12dB. The Vh and 91h order products 
have also increased by 5dB and IMB respectively. 
The results [15] clearly show that this method of polynomial predistortion provides a good 
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Figure 4.25 Plot of Predistorted Amplifier Output at 60MHz Tone Spacing 
4.3.5 The Effects of Delay Error on Cancellation Performance 
It has been shown thus far that improvements in the intermodulation performance of the 
amplifier used in this chapter are possible over very broad bandwidths indeed. It has been 
shown that good delay matching between the paths is important, but thus far no measurements 
of actual cancellation for particular delay errors have been made. The effect of delay on 
system performance has been investigated experimentally. 
The effect of changes in predistorter delay were investigated as follows, the predistorter was 
set up for optimum cancellation at 90OMHz with a tone spacing of 30MHz. The main path 
delay was then altered to introduce firstly too little delay and then too much delay. The delay 
measurements were then converted into their equivalent wavelength errors, the final result is 
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Figure 4.26 Graph of Wavelength Error vs 3rd IMD Power 
Figure 4.26 shows how critical correct matching of the main and predistorted delays are to the 
cancellation performance of the predistorter. The graph shows clearly how the cancellation 
performance drops off rapidly even for small amounts of delay error i. e. errors greater than 
+/- 0.05% cause significant reductions in cancellation performance. 
4.3.6 Practical Measurements of Gain and Phase Error 
In order to verify the theoretical analysis carried out in chapter 3 measurements were taken 
for various gain and phase errors. The experimental set up is shown in figure 4,27. The 
predistortion system consisted of a cubic non-linearity, variable gain and phase adjustment, a 
main path attenuator, an input splitter and an output combiner. The amplifier chosen for the 
tests was a MAV 11 which is a MIMIC amplifier with a predominantly third order 
characteristic [161 supplied by mini circuits. This amplifier was chosen because it most 
closely mimics the third order only type of non-linearity used in the analysis of chapter 3. 
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Figure 4.27 Experimental set up for Gain and Phase Error Measurements 
The following procedure was followed when taking the measurements, firstly the system was 
set up for optimal cancellation while driving the amplifier at its IdB compression point. Then 
measurements were taken of cancellation while a range of constant attenuation errors was 
applied while the phase error was varied. Then a range of constant phase errors was applied 
while the attenuation error was varied. The actual gain and / or phase error applied at each 
step was measured using a HP8753E network analyser to ensure that neither the attenuator 
introduced additional phase error or the phase shifter introduced additional attenuation error. 
The results of these measurements are shown in figures 4.28 and 4.29 respectively. 
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Figure 4.28 Measurements of IMD Cancellation for Various Gain Errors 
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Figure 4.29Measurements of IMD Cancellation for Various Phase Errors 
The results in figures 4.28 and 4.29 show quite clearly how the system performance degrades 
quite significantly with slight changes in attenuation error. The overall system appears to be 
slightly more tolerant of phase errors. With reference to figure 4.28 it may be observed that 
the resultant IMD cancellation is very dependent on the gain error when the gain error is 
0.02dB, for all other gain errors the main factor in performance is the phase error. Once the 
phase error exceeds 10*then the cancellation performance is very dependent on the phase 
error. Referring to figure 4.29, for the case when the phase error is 0* it can be seen that the 
performance degrades rapidly as gain error increases from OdB to 3dB. When the phase is 
increased to 5*a very substantial fall in performance results, at OdB gain error the 
cancellation performance is reduced by l2dB when compared to the case for 00 phase error. 
Once the phase error is greater than 5*then performance levels out with an average 
cancellation of 5dB no matter what the gain error. 
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4.3.7 Control Issues Associated with Cubic Polynomial Predistorters 
Automatic control of this predistortion system is possible due to the use of voltage-controlled 
attenuators and phase shifters in the predistorted path. The system has been investigated to 
see if the added complexity of a control scheme is justified. The level of the IMP's relative to 
the main tones was measured for various levels of input power. The measurements were 
undertaken at a centre frequency of 90OMHz using a predistortion system optimised for 
operation at wide bandwidths, with a tone spacing of 30MHz being chosen for all 
measurements. These measurements were undertaken for three sets of conditions firstly the 
amplifier's IN4D performance was measured with no correction system connected. Then 
measurements of intermodulation performance were undertaken for various levels of input 
power while the predistortion system was manually adjusted for the lowest level of 3rd order 
IMP possible. Finally the system was set-up for optimum cancellation at the amplifiers I dB 
compression point, the amplifier input power was then backed off without any further 
adjustment of the attenuators and phase shifters while the IMP performance was monitored. 
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Figure 4.30 Measurements of Amplifier and Predistorted Amplifier System Back-off 
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It may be seen from figure 4.30 that if the amplifier is backed off without any linearisation 
scheme applied the amplifier intermodulation performance gradually improves as the output 
power to the amplifier is reduced. This is as expected for an amplifier of this type because as 
back-off increases then the more the amplifier is being operated within it's linear region of 
operation i. e. the level of the intermodulation products will fall away. Now considering the 
plots where the predistorter is present now the situation is less clear. If the predistortion 
system is adjusted for optimum operation point then initially the predistorter performs much 
better than the amplifier alone. But if the amplifier input power is 9dBm or less then the 
amplifier alone performs better than the predistortion system. The reason this occurs is 
simply due to the fact that the amplifier is now predominantly operating in it's linear region 
and so the polynomial coefficient being added into the amplifier now is effectively reducing 
the amplifiers perfon-nance and not enhancing it. Now if we finally consider the case where 
we set up the predistorted amplifier system to operate for minimum IMD and then back off 
the input power without altering the attenuation or phase adjustment applied, it can be seen 
that the performance degrades more rapidly and the performance is actually much worse than 
the amplifier alone once the input power is less than I IdBm which is equal to 2dB, of back 
off. 
It would appear form these results that it is worthwhile adding some form of control scheme 
to control the system for various levels of input power. However the mixer based 
predistortion system requires an input power greater than 2dBm in order to keep the 
conversion loss of the mixers low enough for the predistorter to generate a good quality cubic 
output. If the input to the predistorted amplifier system drops below 7dBm then the input 
power to the cubic element will fall to a level that is below the point for good cubic element 
operation. This results in the situation shown in figure 4.30 where the predistorter actually 
degrades the amplifier performance rather than enhancing it. Secondly an amplifier which 
has a predominantly 3rd order characteristic as in this case will generally operate as a class A 
or a class AB amplifier. These classes of amplifier exhibit their best efficiency performance 
when they are driven at their ldB compression point. So driving the amplifier at a lower level 
of output power by backing off the amplifier is undesirable since it will have a negative effect 
on the efficiency of the amplifier being linearised. 
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4.3.7.1 Transfer Characteristics of the Cubic Polynomial Predistortion 
System 
As has been stated in chapter 3 the aim of any predistortion system is to generate a transfer 
characteristic that is the inverse of the amplifier transfer characteristic. If measurements are 
made of the amplifier, the predistorter and the whole-predistorted system amplitude and phase 
responses then it may be shown how well or badly the predistorter generates an inverse to the 
amplifiers transfer function. The amplitude and phase information, which is generated in this 
way, may be converted into the in-phase (1) and the quadrature (Q) performance of the 
system. Measurements were taken of the amplifier, predistorter and predistorter plus 
amplifier gain and phase response these are shown in figures 4.31,4.32 and 4.33 respectively. 
Measurements were also taken of the amplifier, predistorter and predistorter plus amplifier 
voltage transfer functions and the I&Q transfer functions the results are shown in figures 
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Figure 4.32 Cubic Predistorter Gain and Phase Response 
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Figure 4.33 Cubic Predistortor plus Amplifier Gain and Phase Response 
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Figure 4.32 shows how the predistorter gain at very low power levels is again flat and shows 
how as the power level is increased the gain becomes very expansive. Figure 4.31 shows that 
for the amplifier the opposite is true with a short gain flat region followed by a long 
compressive region. The resultant effect is an extension to the region of gain flatness 
followed by a region of gain expansion finally followed by a region of gain compression these 
effects are shown in figure 4.33. The final region of gain compression is due to the system 
being driven to the point of excessive gain compression, into the area where the amplifier 
would not normally be operated. 
Comparing figures 4.31 and 4.32 the phase response shows some inverse characteristic but 
the amplifier only introduces very limited phase change over all input powers. The 
predistorter however introduces very little phase change at low power but a fairly large phase 
change as the power levels are increased. This results in sub-optimal overall phase response 
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Figure 4.34 Amplifier Voltage Transfer Function 
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The voltage transfer function of the amplifier shown in figure 4.34 shows how the amplifier 
has a compressive AM to AM characteristic and a relatively gentle AM to PM characteristic. 
The cubic predistorter has an expansive AM to AM characteristic and a more severe AM to 
PM characteristic than the amplifier this can be seen in figure 4.35. The resultant 
combination of the amplifier and the predistorter is shown on figure 4.36. The AM to AM 
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Figure 4.35 Cubic Predistortor Voltage Transfer Function 
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Figure 4.36 Cubic Predistorter plus Amplifier Voltage Transfer Function 
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characteristic can be seen to be much more linear than the amplifier was on it's own. The 


























Figure 4.38 Cubic Predistorter I and Q Transfer Function 
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Figure 4.39 Cubic Predistorter plus Amplifier I and Q Transfer Function 
Figures 4.37 and 4.38 show that the in phase components generated by the cubic predistortion 
system are the inverse of the components generated by the amplifier. The predistorter does 
not generate sufficiently negative quadrature components to cancel out the quadrature 
components generated by the amplifier. The net result of this is shown in figure 4.39, which 
shows how the systems in-phase response is greatly improved, but the system will still 
introduce quadrature distortion to any signal applied to it. 
4.3.8 Alternative Forms of Cubic Polynomial Predistortion Element 
The mixer-based form of polynomial element, which has been demonstrated thus far, has 
been shown to provide usable improvements in amplifier performance. The mixer based 
approach does however have the disadvantage of generating a characteristic which contains 
products of other orders apart from just the order which was required. The reason for this is 
that the mixers are not operating as pure multiplying elements. If a pure multiplier were used 
then potentially better levels of amplifier performance are possible. The analogue multiplier 
circuit has existed for many years [171. This circuit may be used to generate a much purer 
form of polynomial characteristic. So using the same circuit architecture for the cubic 
element as before which is shown in figure 4.3. The new 3 rd order predistortion element using 
Analog devices ADS35 [18] analogue multiplier circuits was tested at a centre frequency of 
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lOOMHz with atone spacing of 5OOkHz, the output spectrum for the modified cubic element 
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Figure 4.40 Output Spectrum for the Multiplier Based 3rd Order Predistortion Element 
Figure 4.40 shows quite clearly that the output spectrum does indeed contain only the original 
tones plus the 3rd order IMP's with no additional products present. 
This new element was then incorporated within the predistortion system shown in figure 4.5, 
the modified system was then connected to the amplifier. The amplifier was then tested to see 
the effect the modified elements would have on the performance of the predistortion system, 
tests were conducted at a centre frequency of IOOMHz for a tone spacing of 500kHz. The 
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Figure 4.41 Amplifier Predistorted Output using Analogue Multipliers in the Cubic 
Predistortor 
Figure 4.41 shows that greatly improved performance results may be achieved with use of 
analogue multipliers as the predistortion elements. The graph shows that there are no IMP's 
at greater than -50dBc. The 3rd order IMP's are at -53dBc which is a 23dB improvement over 
the unpredistorted case. These measurements seem to indicate that analogue multipliers are 
the preferred components for use in a polynomial predistortion system. However at present 
analogue multipliers are only available for use at frequencies of up to 50OMHz [18], this 
makes their use for the RF predistortion of amplifiers at UHF impossible at the present time. 
Secondly the broadband performance of the analogue multiplier implementation of the 
predistorter is inferior to the mixer-based implementation. 
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4.3.9 Multiplier Predistorter Transfer Characteristics 
The IMD performance of the analogue multiplier cubic predistorter is superior to the IMD 
performance of the mixer-based implementation. So it should follow that the transfer 
function of the multiplier-based system should show a more linear relationship than the 
results obtained by the mixer-based system. Investigations of the transfer functions of the 
predistorter and the combined system response were carried out these results are shown in 
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Figure 4.43 Multiplier Predistortor plus Amplifier Gain and Phase Response 
The predistorter gain characteristic is similar in form to the characteristic generated by the 
mixer implementation. The predistorter phase characteristic is of a similar shape but shows a 
much lower level of amplitude change than the mixer based system, this is shown by figure 
4.42. This means that a lower level of net error is present in the combined response shown in 
figure 4.43. 
The predistorter transfer characteristic in figure 4.44 shows how the AM to AM characteristic 
is almost linear in form but the AM to PM characteristic introduces a phase change of 
0 approximately 2 over the whole power range. This is much lower than the mixer-based 
system, which exhibits 30 
0 of AM to PM over its whole power range. This translates into an 
improved AM to AM and AM to PM composite characteristic which is shown in figure 4.45. 
Figure 4.46 shows that the in phase component increases at a much greater rate than the 
quadrature component. 
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Figure 4.46 Multiplier Predistorter I and Q Transfer Function 
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Figure 4.47 Multiplier Predistorter plus Amplifier I and Q Transfer Function 
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4.4 Summary 
This chapter has introduced a new form of polynomial predistorter that has the capability of 
linearising an amplifier over a much greater bandwidth than has been reported previously 
[ 19]. This predistorter may be used to linearise an amplifier over a decade of frequency and 
at an instantaneous bandwidth of 180MHz. It has also been shown how the performance of 
the predistorter varies with gain and phase matching, wavelength error and amplifier back-off. 
Improvements in the overall system transfer characteristic are also shown within this chapter. 
These improvements in the transfer function allow the amplifier to be operated at the 
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Higher Order Polynomial 
Predistortion 
This chapter discusses the application of higher order predistortion techniques for the 
linearisation of R. F. power amplifiers 
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5 Higher Order Polynomial Predistortion 
5.1 Introduction 
Chapter 4 has shown that analogue predistortion may be used for the broadband linearisation 
of RF power amplifiers, the possibility of extending this for higher order systems has also 
been discussed. Higher order polynomial predistortion systems have received little attention 
in the literature, mainly due to the fact that linearisation has been generally attempted on 
moderately non-linear amplifiers with mildly compressive characteristics. Amplifiers with 
purely compressive characteristics such as class A and class AB amplifiers are generally 
unsuitable for use in mobile terminals due to their poor efficiency. Also it is desirable to 
improve the efficiency of the base station terminal in order to reduce size and power 
dissipation. To achieve these aims it is necessary to improve the linearity of the more 
efficient classes of amplifier. More efficient amplifiers do not have characteristics that can 
even be approximately [ 1,2] modelled using single order non-linearities. This chapter details 
various methods of generating more complex polynomial characteristics. 
5.2 Higher Order Predistorters 
It has been stated that the polynomial predistortion techniques employed in chapter 4 may be 
extended to higher orders by the use of additional multiplication blocks. The following 
sections detail investigations into higher order systems initially concentrating purely on fifth 
order systems and then covering combined third and fifth order systems. 
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5.3 Quintic Predistortion Systems 





The circuit operates in the following manner, the RF signal is applied to the three-way splitter 
where it is divided equally and applied to the first IF port via an attenuator, which ensures that 
the IF port is not overdriven. The signal is also applied to the first LO. and to the second LO. 
The first mixer provides the square of the input function at the R. F. port. This signal is then 
fed via a buffer amplifier, which supplies sufficient gain to compensate for the losses due to 
the mixing process, to a second power splitter where the signal is applied to the second mixer 
EF and the third mixer LO. The combination of the original signal at the LO and the squared 
signal at the IF produces a cubic signal at the output of the second n-iixers RIF POrt. This signal 
may be used for cubic predistortion purposes or as the source signal for higher order products. 
The RF output of the second mixer is applied via a second buffer amplifier, which provides 
sufficient gain to compensate for the losses associated with the Mixing- process, to the IF input 
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of the third mixer. This signal is combined with the second order signal at the mixer LO to 
produce the quintic output at the third mixer's R. F. output. 
The quintic element was tested at 220MHz with a tone spacing of 500kHz and a tone power 
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Figure 5.2 5 th Order Element Output at 220MHz with 500kHz Tone Spacing 
It may be observed that the 5th order products are at -15dBc whilst the Porder products are 
at -23dBc. The power of the 7" and 9th order products is considerable when compared with 
the 5t' order products and so the element is not a pure producer of 5 th order products. 





Figure 5.3 5 Ih Order Predistortion System 
The predistortion system is very similar in form to the system ýused in chapter 4 for cubic 
predistortion purposes. The main modification being the inclusion of the 5'h order element in 
the position previously occupied by the cubic element. The attenuator was set to 14dB and 
the buffer amplifier was a MAR 8 amplifier from Mini Circuits that had been optimised for 
operation at 220MHz. The power amplifier used in chapter 4 was first two-tone tested and 
then predistorted using the predistortion system, these plots are shown in figure 5.4 and figure 
5.5 respectively. The plots show that the 5 th order products have been cancelled by 15dB with 
the 3 rd order products being cancelled by 2dB, which may be seen in figure 5.5. 
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Figure 5.5 Amplifier Output After 5 Ih Order Predistortion 
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5.3.1 Effect of Delay Error 
It would be desirable to operate the quintic predistortion system over a bandwidth which is 
comparable with that achievable with the cubic predistortion system of chapter 4. The delayr 
was set to optimise the performance of the quintic predistorter by making it equal to the delay 
through the predistorted path. The delay was then adjusted to measure the degradation in 
performance due to delay error, the results of these measurements may be seen in figure 5.6. 
For errors in wavelength of +/- O. lX the performance has been degraded by 6dB, which 
results in a performance improvement over the unpredistorted case of 3dB. With an error of 
+/- 0.05)L the performance has been degraded by 3dB, which results in a performance 
improvement of 6dB over the unpredistorted case. So the quintic, system is as tolerant of error 
as the previously developed cubic system. 
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Figure 5.6 Effect of Wavelength Error on 5" Order Intermodulation Products 
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5.3.2 Broadband Performance 
Quintic predistortion relies on the generation of sum and difference products that are 
combinations of the third and second harmonic zones. For example the lower 5 Ih order IMP 
is: 
Frequencylmp5 = 3f, - 2f2 
This implies that the predistortion element must be capable of dealing with frequencies of up 
to five times the carrier frequency (these IMP's are generated in the 5'h harmonic zone). So 
for satisfactory performance the mixers within the quintic element must be capable of 
translating frequencies of up to I lOOMHz (assuming a 220MHz carrier frequency). Mixers 
were chosen [3] which would operate at up to five times the carrier frequency. 
The circuit in figure 5.3 was optimised to operate in a broadband mode. The amplifier used in 
previous measurements was then tested at 220MHz with a tone spacing of 20MHz. The 
measurements of the amplifier two tone test performance and predistorted output are shown in 
figures 5.7 and 5.8 respectively. If figures 5.7 and 5.8 are compared the following 
observations maybe made; the Yd order IMP's are unchanged, the 5 th order IMP's have been 
reduced by 5dB when compared with the unpredistorted case and the Th order IMP's have 
also been reduced by 5dB. It is possible therefore to reduce the Yh order IMP's, however the 
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5.3.3 Effect of Back-off on Sth Order Intermodulation Distortion 
The intermodulation performance of class A and class AB amplifiers will change dependent 
on the input power level. So it is necessary for any predistortion system to be able to still 
provide improvements in performance under changing power conditions. For maximum 
efficiency it is desirable to drive the amplifier at its peak output power. But in practice an 
amplifiers output level will vary under varying load conditions. So the effect of back-off on 
intermodulation perfonnance has been investigated for the quintic predistorter. 
The amplifier's 5 th order intermodulation product back-off performance was measured for 
three cases; with the amplifier lone, for the amplifier with the predistortion system fitted and 
optimised for every power level and finally an initial set up was carried out at the IdB 
compression point and then the power level was adjusted without any further adjustment 
being made. The intermodulation product value was plotted for all three cases, the results are 
shown in figure 5.9. 
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Figure 5.9 Effect of Back-off on 51h Order Intermodulation Performance 
Figure 5.9 shows that when the unpredistorted and the predistorted case are compared at 
12dBm input power (the 1dB compression point) the IMP's have been reduced by MO. It 
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the input power has fallen to 9dBm. If the input power is reduced further the IMP 
performance is worse than the amplifier with no predistortion applied. This effect is due to 
the predistortion system introducing an excess of IMP cancellation that results in degradation 
in amplifier performance. 
5.3.4 Discussion 
The quintic predistortion system can provide useful reductions in 5 th order INV's. In general 
however the P order products will always dominate the performance of any amplifier 
system, so it is desirable to cancel both Porder and 5thorder products simultaneously. The 
next section introduces a combined 3 rd and 5 th order predistortion system. 
5.4 3 ird and 5 
th Order Predistortion System 
Section 5.3 discussed the development of a quintic predistortion system, this system has the 
disadvantage of only correcting for 5h order non-linearity effects. An effective amplifier 
linearisation system will have to correct for at least 3 rd and 5 Ih order non-linearity. This 
section deals with the development of a system to correct for 3rd and 5"' order non-linearity 
effects. 
5.4.1 3 rd and 5 
th Order Predistortion Element 
It is possible to generate any order of non-linearity desired by using the mixer-based approach 
of chapter 4. It has been shown that it is possible to generate a 5'h order non-linearity using 
this technique. When generating a 5th order non-linearity, a Yd order non-linearity is 
generated as an intermediate step. So it should be possible to generate both non-linear effects 
within the one circuit and then with appropriate choice of output location the 3rd or 51h order 
component may be tapped off. 
The combined 3 rd and 5 th order element is shown in figure 5.10. The element operates in the 
following manner. The input signal is applied to the power splitter where it is split and fed to 
the LO ports of the first and second mixers. The IF port is fed with an attenuated input signal 
to prevent saturation of the IF port and the generation of undesirable non-linear components. 
The RF output of the first mixer is buffer amplified to overcome losses in the mixing process 
and then split. One of theses signals is used as the LO for the third mixer. The other signal is 
fed via an attenuator to the EF of the second mixer. The RF output of the second rriixer is 
again buffer amplified to overcome losses and split again. One output provides the 3d order 
components for the predistortion process. The second output provides the IF signal for the 









Figure 5.10 Combined 3 rd and 5" Order Predistortion Element 
5.4.2 3 rd and 5 th Order Predistortion System 
The combined predistortion element was then combined with a complete predistortion 
system, this system is shown in figure 5.11. The system consists of the combined 
predistortion element, gain and phase adjustments for 3rd and 5 th order products, an attenuator 
in the main path, time delays in the main and 
P order predistorted paths, two buffer 
amplifiers within the predistorter and a buffer amplifier prior to the main amplifier. 
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The system operates in the following manner. The signal is split at the R. F. input into a main 
signal and a signal for predistortion. The main signal, which consists of the two main tones, 
is attenuated and delayed to sum in the correct phase relationship with the signals from the 
predistorter. The signal which is passed to the predistorter elements is buffer amplified and 
split equally between the third and fifth order elements. A delay is included in the third order 
element path to compensate for the extra delay associated with the generation of the 5th order 
signal. Both the 3d and 5th order paths have voltage-controlled amplitude and phase control 
so that the amount of P and 5'h order predistortion may be controlled for optimum 
cancellation. The predistortion signal is then power combined and amplified via a buffer 
amplifier. This predistorted signal is then combined with the main path signal and buffer 









Amp & Phase 









Figure 5.11 Combined 3 rd and 5 th Order Predistortion System 
The circuit in figure 5.11 was used to predistort the Wessex amplifier used in previous 
investigations. The amplifier output was optimised for the minimum obtainable levels of 3 rd 
order and 5 Ih order intermodulation products. The amplifier was tested at 220MHz with a 
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Figure 5.12 Amplifier Output After 3 rd and 5'h Order Predistortion 
Comparison of figures 5.4 and 5.12 show that the P order products are reduced by I OdB, but 
the 5 th order products have increased by 5dB. This leads to the conclusion that 3rd and 5 Ih 
order predistortion of this type of amplifier does not improve the performance of the Wessex 
amplifier anymore than 3d order only predistortion. So the combined predistorter does not 
provide an improved inverse characteristic for the Wessex amplifier. 
The 5'h order and combined predistorters do however provide a rich source of intermodulation 
products and hence it should be possible to predistort a much more non-linear class of power 
amplifier. The following section describes the use of the 5 th order predistorter to linearise a 
class C power amplifier. 
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5.5 Predistortion Linearisation of Class C Power Ampliflers 
Class C power amplifiers are extremely complex in terms of their modes of operation and the 
transfer functions that this produces. To produce a practical R. F. or I. F. predistortion system, 
which could linearise, such an amplifier is unlikely to be a realisable possibility with simple 
hardware. This means that a class C power amplifier would be better dealt with using a 
combination of techniques such as predistortion and feedforward. This section deals with the 
improvement in performance of the class C power amplifier using a predistortion technique. 
5.5.1 5 th Order Predistortion of Class C Power Amplifiers 
The quintic predistorter used in section 5.3 was used to predistort a class C power amplifier 
which was designed to operate at 220MHz with a peak output power of 36dBm. The 
amplifier two tone test is shown in figure 5.13. The amplifier performance was measured at 
220MHz with a tone spacing of 500kHz. Figure 5.13 shows clearly how the performance of 
this amplifier is significantly worse than the Wessex amplifier used in previous investigations. 
The 3 rd order IMP's are at -1 IdBc and it may also be observed that the amplifier exhibits an 
asymmetric response. The 5th order products are at -18dBc, while the Th order products are 
at -28dBc, while the highest 91h order product is at -3OdBc. If comparison is made between 
the Wessex amplifier two tone test in figure 5.4, the Wessex amplifier has a third order 
performance which is I IdB's better than the class C power amplifier. Also it may be noted 
that the Wessex amplifier exhibits a symmetrical two-tone test response. 
The class C amplifier was predistorted with the quintic predistortion system of figure 5.3, the 
results of this predistortion are shown in figure 5.14. If figures 5.13 and 5.14 are compared it 
may be seen that the predistorter has improved the amplifiers performance. The 3rd order 
IMP's have been reduced by 7dB when compared with the two-tone test. The 5 1h order 
products have remained unchanged, the 7"' and 9th order products have increased by 3dB and 
7dB respectively. This shows how the power has been spread across the band by the 
predistortion process. The results also show how difficult it is to predistort the much more 
non-linear classes of power amplifier. In order to see how the predistorter is operating it is 
necessary to investigate the transfer functions of the amplifier, predistorter and the combined 















217 218 219 220 221 222 223 
Frequency (MHz) 





E. 0 m 
"a 
L- 10 a) 
0-20 
-30 





217 218 219 220 221 222 223 
Frequency (MHz) 
Figure 5.14 Class C Output After 5' Order Predistortion 
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5.5.2 System Transfer Characteristics 
A predistorter should have the exact inverse transfer function of the amplifier being linearised 
in order for the system to provide the maximum amount of improvement in performance of 
the amplifier being linearised. This implies that in general a predistortion system can only 
provide limited improvement in amplifier performance due to the extreme difficulty of 
generating an exact inverse of the amplifier transfer function. A class C amplifier as stated 
previously has a complex transfer function. This section investigates the relative matching 
between the class C power amplifier being predistorted and the predistorter providing the 
correction. 
Class C Amplifier Characteristics 
The class C power amplifier that was predistorted in section 5.5.1 has been measured to show 
its characteristic. The amplifier was measured at 220MHz for gain and phase response, AM 
to AM and AM to PM response and the I&Q transfer characteristic were measured, these 
measurements are shown in figures 5.15,5.16 and 5.17 respectively. 
Figure 5.15 shows how the gain varies with input power, reaching a peak of 39dB at an input 
power of -12dBm and a minimum of 18.5dB at an input power of 4dBm. The phase response 
also varies greatly with input power level, from an initial value of - 180 
0 at -1 8dBrn to a peak 
value of -90 
0 
-3dBm. It may also be observed how the values of gain and phase vary 
significantly as the input power is varied. 
Figure 5.16 shows the AM to AM and the AM to PM transfer characteristics. From figure 
5.16 it may be observed how non-linear the AM to AM and the AM to PM characteristics are. 
Taking the AM to AM characteristic it may be seen that the amplifier has an initial expansive 
region at levels of input voltage of 0.05V, this is due to the amplifier beginning to conduct as 
an input voltage is applied. As the input voltage increases the amplifier operates in a more 
linear mode and then as the voltage rises above 0.15V the amplifier moves into the 
compressive region of it's characteristic. When the AM to PM characteristic is considered it 
may be observed that initially the phase change is small with the input voltage less than 
0.05V. When the voltage rises above 0.05V significant variation in the AM to PM 
characteristic occurs. The phase varies by 90 0 for a variation in input voltage of 0.05 - 
0.35V. This transfer characteristic shows the significant amount of distortion that a class C 
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Figure 5.17 Class C Amplifier I&Q Transfer Function 
Cy 
The amplifier's response to In Phase and Quadrature signals is shown in figure 5.17. It may 
be observed that there is a corresponding effect on the In Phase and Quadrature signals due to 
the grossly non-linear nature of the amplifier, which has been illustrated by figures 5.15 and 
5.16. The amplifier causes the In Phase signal to behave as the inverse of the AM to AM 
characteristic. The Quadrature signal variation is a combination of distortions due to the AM 
to AM and the AM to PM characteristics. 
5 th Order Element Transfer Characteristic 
The quintic element which is shown in figure 5.1 had it's gain and phase characteristic, it's 
voltage transfer characteristic and it's In Phase and Quadrature characteristic measured, these 
are shown in figures 5.18,5.19 and 5.20 respectively. 
Figure 5.18 shows that the element has an expansive characteristic for input powers in the 
range of -5dBm to 5dBm. The characteristic becomes compressive from 5dBm to 16dBm. 
The phase characteristic varies from 100 0 for an input power of -5dBrn to -70 
0 for an input 
power of OdBm. The phase then varies from -80 
0 for an input power of I dB m to -90 
0 for an 
input power of 16dBm. 
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Figure 5.19 shows the voltage transfer characteristic for the 5 Ih order element in terms of the 
AM to AM and the AM to PM performance. The AM to AM performance of the 5'h order 
element is broadly similar to the AM to AM performance of the class C amplifier as shown in 
figure 5.16. Figure 5.19 shows how the characteristic is compressive for an input voltage of 
0.2 to 0.6V and then becomes extremely compressive for input voltages from 0.7 to IAV. 
The AM to PM characteristic however is not so well matched and exhibits a phase change 
which is initially very steep and then as input voltage increases becomes progressively more 
limited. 
Figure 5.20 shows the In phase and quadrature performance Of the 5 1h order element. Figure 
5.20 shows how the element exhibits a strongly expansive In phase characteristic for values of 
input voltage less than OAV and a strongly compressive characteristic for input voltages 
greater than OAV. The Quadrature characteristic has a strongly compressive characteristic 
over nearly its whole range. The only exception to this is the initial element turn on at 0.1 - 
0.2V. 
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5 th Order Predistorter Transfer Characteristic 
The 5th order element of figure 5.1 was then connected into the predistortion system of figure 
5.3. The predistortion system gain and phase characteristic, voltage transfer characteristic and 
the predistorter In phase and Quadrature characteristics were then measured, these 
measurements are shown in figures 5.21,5.22 and 5.23 respectively. 
Figure 5.21 shows the gain and phase response for the 5 th order predistortion system. It can 
be seen that the system is gain flat for input powers of -5 to OdBm with a value of gain of 
-17.7dBm. When the input power rises above OdBrn. the gain drops by 4dB for values of 
input power of I to 4dBm. This means that the predistorter has a strongly expansive 
characteristic in this region. Further falls in gain occur as the input power increases from 4 to 
lOdBm, this corresponds to a gain fall of 2.5dB. As the input power rises above lOdBm the 
predistorter exhibits a compressive characteristic with the gain changing from -24.5 to -23dB 
for input powers of 12 to l6dB m. 
The phase of the predistorter is constant for values of input power of -5 to IdBm. As the 
input power rises above IdBm the phase begins to change with the phase being reduced by 
42 0 for input powers of 2 to 8dBm. For input powers of 9 to 16dBm the phase increases by 
0 30 
Figure 5.22 shows the 5 th order predistortion system voltage transfer function in terms of the 
AM to AM and the AM to PM performance. In general it may be noted that the AM to Am 
characteristic is initially compressive and then becomes progressively expansive as the input 
voltage is increased. The AM to AM characteristic is linear for input voltages of 0.1 to 03V 
and then enters a strongly compressive region between 0.3 to OAV. The characteristic then 
becomes expansive for input voltages between 0.4 and 1.5V. The AM to PM characteristic 
shows a constant phase relationship for input voltages of 0.1 to 0.25V and a phase change of 
-42 
0 for input voltages of 0.3 to 0.55V. The characteristic then exhibits a positive phase 
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Figure 5.23 5'h Order Predistorter I&Q Transfer Function 
The 5 th order predistorter In phase and Quadrature performance is shown in figure 5.23. The 
In phase response follows a linear characteristic for input voltages of 0.1 to 0.3V. The 
characteristic then becomes compressive as the input voltage rises above 0.3V towards 0.5V. 
As the input voltage rises above 0.6V the characteristic becomes compressive in nature until 
the voltage reaches 1. IV. For input voltages above 1. IV and up to input voltages of 1.5V the 
characteristic becomes linear once more. The Quadrature characteristic is linear for values of 
input voltage from 0.1 to 0.25V. As the input voltage rises above 0.25V the characteristic 
becomes strongly compressive until the input voltage reaches 0.5V. The characteristic then 
becomes linear once more as the input voltage rises above 0.6V until the input voltage 
reaches LSV. 
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Class C Amplifier and Predistortion System Combined Transfer Characteristics 
The 5'h order predistortion system of figure 5.3 was then connected to the class C amplifier 
that has been characterised previously. Measurements were then taken of the overall system 
performance. Measurements were taken of the gain and phase performance, the AM to AM 
and the AM to PM performance and the In phase and Quadrature performance, these results 
are shown in figures 5.24,5.25 and 5.26 respectively. 
Figure 5.24 shows the overall system gain and phase response. It maybe seen how initially 
the amplifier system is turned off until the input power rises above 4dBm. The amplification 
system then exhibits a rapidly changing gain for small changes in input power. This indicates 
that the amplifier is still far from linear. The system now begins to saturate when the input 
power rises above 6dBm, strong saturation occurs for input powers above 7.5dBm. The phase 
response has remained similar in form to the phase response of the original amplifier. The 
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Figure 5.25 illustrates the system AM to AM and AM to PM transfer characteristic. It maybe 
observed that the amplifier system is not operational until the input voltage rises above 0.3V. 
The amplifier system turn on region may be observed as the input voltage changes from 0.35 
to 0.38V. The amplifier system has a linear region within the AM to AM characteristic for 
input voltages of 0.4 to 0.53V. The system then begins to become compressive as the input 
voltage rises above 0.55V. Compression continues to occur as the input voltage changes from 
0.65 to LIV. The AM to PM characteristic is of a similar form to the original amplifier 
characteristic. The phase is initially constant when the system is shut off. As the input 
voltage rises above 0.2V phase changes begin to occur. As the input voltage changes from 
0 
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Figure 5.26 shows the amplifier system In phase and Quadrature transfer characteristic. The 
In phase characteristic exhibits little change initially until the system turns on as the input 
voltage rises above 0.3V. The system turn on occurs as the input voltage rises from 0.32 to 
0.42V. Above 0.42V the In Phase characteristic is linear for input voltages from 0.43 to 
0.6V. For input voltages of 0.6 to LIN the In Phase characteristic becomes increasingly 
compressive in nature. The Quadrature characteristic also exhibits little change for input 
voltages less than 0.3V. The Quadrature characteristic has a non-linear response over the 
whole input range above 0.3V. Initially as the input voltage rises above 03V a sharp rise in 
Quadrature response occurs. This reaches a peak for an input voltage of 0.5V, beyond 0.5V 
the quadrature voltage falls rapidly until the input voltage reaches a maximum of L IV. The 
non-linear response of the Quadrature component is as a direct result of the large amount of 
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The linearisation of any amplifier using predistortion techniques relies on the accurate 
matching of the amplifier transfer function with an appropriate inverse characteristic 
generated by the predistortion network. A predistortion system should also be capable of 
responding to changes in amplifier output power level which will result in a modification in 
the actual amplifier transfer function, a new predistorter inverse will then be required to 
compensate for this change in amplifier characteristic. 
Initial work carried out with the more linear Wessex amplifier has shown that it is possible to 
reduce the 5"' order IMP's independently of the other products. Therefore it is theoretically 
possible to control independently the 3dand 5 th order IMP's. However when both 3 rd and 5h 
order compensation is applied then the amplifier performance is degraded when compared 
with 3 rd order compensation alone. This indicates that the 3 rd order predistorter provides a 
much better inverse to the amplifier characteristic than the combined P and 5 th order system. 
When considering the linearisation of class C amplifiers the problems are considerably more 
difficult to solve due to the much more complex nature of the amplifier characteristic. This 
additional complexity is due to the class C technique requiring the transistor to operate over 
the whole of it's characteristic, from cut-off right through to saturation during one waveform. 
cycle. The lineariser also has to contend with an amplifier, which has a large amount of AM 
to PM distortion in addition to the AM to AM distortion. The Wessex amplifier, which has 
been linearised within chapter 4, has a characteristic which contains mainly AM to AM 
distortion and very little AM to PM distortion. This accounts partially for the better 
performance of the lineariser when used with the Wessex amplifier. An additional effect, 
which is likely to have a significant effect on the overall system performance, is the frequency 
dependency that an amplifier will exhibit due to the characteristics of the device used within 
the amplifier. The effect of frequency dependency' may be observed by measuring the 
amplifier transfer characteristic at various frequencies [4]. This effect is also in part 
responsible for poor intermodulation performance of class C amplifiers. The reason for this is 
that, the two-tone test measures amplifier performance over a band of frequencies. Several 
models have been suggested over the years [5,6] to try and quantify frequency dependency. 
These models are concerned with the behaviour of TWT amplifiers which are generally more 
linear than class C amplifiers and so none of these models has fully explained or described 
how a highly non-linear amplifier does behave. It has been proposed in [4] that piecewise 
,' 
Often referred to as amplification with memory. 
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linear predistortion may be used to linearise class C amplifiers. Extensive simulations were 
conducted to verify the practicality of this approach. However the simulations had to operate 
under a number of assumptions for computational reasons, the main one being that the class C 
amplifier being linearised was frequency independent. When a practical predistortion system 
is constructed then this assumption is no longer valid. So it would appear that a predistortion 
system that is required to linearise a class C amplifier will need to be capable of varying it's 
characteristic with frequency as well as with variations in amplitude if really useful 
improvements in linearity are to be achieved. 
5.7 Summary 
This chapter has introduced the development of a quintic polynomial system for the 
broadband linearisation of R. F. power amplifiers. It has been shown that it is possible to 
reduce the 5'h order products of an R. F. power amplifier using quintic predistortion 
techniques. The use of predistortion is dependent on the ability of the network to accurately 
map the inverse characteristic of the amplifier being linearised. This chapter has shown that it 
is also possible to achieve limited improvement in the performance of class C amplifiers with 
the use of quintic predistortion techniques. The performance of a predistortion system is 
limited by the ability of the network to accurately match the extremely complex 
characteristics of highly non-linear amplifiers. Performance is also limited by the 
considerable difficulty in producing a network that is capable of matching the changes in 
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6 Conclusions and Suggestions for Further Work 
6.1 Amplifiers for Software Radios 
Amplifier linearity has always been a problem in communications systems. With the advent 
of standards such as UMTS with ever increasing bandwidth and linearity requirements this 
issue is becoming increasingly important. Operators are naturally reluctant to replace 
expensive hardware when a new standard is implemented due to the expense involved. This 
has spurred the development of the software radio concept. A key enabling technology of the 
software radio is the linear power amplifier. Linear amplifiers will be necessary in both the 
basestation and the mobile sections of any software radio system. It has been shown that no 
single method of linearisation can provide the solution to the problems, which are now faced 
by network operators and equipment manufactures in terms of the software radio concept. 
Methods such as CALLUM can potentially be used within the mobile sections of the system. 
However due to the limited bandwidth of such amplifier topologies these methods are totally 
unsuitable for use within the basestation system as MCPA's. The only viable solutions to the 
basestation problem are feedforward and predistortion due to the broadband capability of such 
systems. This work has shown that there is almost no limit to the bandwidth that may be 
achieved by an analogue predistortion system. 
The solution to the problem of high efficiency and high linearity broadband operation is to be 
found in hybrid techniques. Predistortion is one of the most efficient forms of broadband 
linearisation available. However predistortion cannot provide the levels of linearity required 
by modem communications systems. Feedforward can provide the required levels of linearity 
but the efficiency of feedforward systems is generally very poor. Feedforward systems are 
fundamentally limited in their performance due to the need for two power amplifiers, the 
main amplifier and the error amplifier. To boost the efficiency of feedforward systems as 
much as possible it is desirable to use as non-linear an amplifier as possible as the main 
amplifier. This places a high power requirement on the error amplifier. If the main amplifier 
can be partially linearised by techniques which have minimal impact on the amplifiers 
efficiency then the required error amplifiers power handling requirement can be reduced, 
Predistortion is ideally suited to the task of limited linearisation with minimal impact on the 
efficiency of the system. For this reason this thesis has investigated the capabilities of 
analogue predistortion systems. 
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6.2 Polynomial Predistortion 
Polynomial predistortion approximately models an amplifier as a set of polynomial functions. 
It has been shown that the potential gains in linearity of a 3d order amplifier are considerable 
when correct gain and phase control are applied. The analysis within this thesis has shown 
how the optimum values of 3d order intermodulation products may be calculated. This 
analysis was then used to investigate the effect of gain and phase errors on cancellation 
performance. These investigations show that the location of the gain and phase adjustment 
has an effect on the performance of the system. There is a lOdB improvement in performance 
if the gain and phase control is applied after the cubic no-linearity. The results show that very 
tight gain and phase matching is required if optimum performance is to be achieved. The 
results show quite clearly that the predistortion system is very intolerant of gain error indeed. 
The simulations have shown that if the amplitude error exceeds 0.5dB then the phase has no 
0 
effect on the performance of the system until the phase error exceeds 2. This level of error i's 
very likely within a practical system. The simulations also show that when an amplifier is 
predistorted using a cubic predistorter while 3d order products are reduced the 5th order 
products increase. This means that complete cancellation of the P order products is actually 
undesirable because the level of the 5th order products then dictates the amplifiers 
performance. So for a practical system cancellation of the P order products below the level 
of the 5th order products is unnecessary. This places a limit on the required performance of 
the predistortion system gain and phase matching requirements of O. ldB amplitude error and 
0.5 0 phase error. 
6.3 Practical Cubic Predistortion 
It has been shown that extremely broadband improvements in amplifier performance are 
possible using the cubic predistortion system within this thesis. With an instantaneous 
bandwidth of up to 18OMHz this predistorter has a bandwidth beyond any predistortion 
system previously reported. The system is capable of providing 25dB of 3 rd order 
cancellation, this is extremely impressive when it is considered that the predistortion system 
can operate over a decade of frequencies while still providing significant improvements in 
amplifier performance. This makes this form of predistortion well suited to software radio 
applications. All components used in the design of the cubic predistortion system are 
available over a range of frequencies. So this technique could be easily adapted to operate at 
the frequencies currently used by second generation systems and the currently planned 
frequencies for third generation. 
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It has been shown that careful design of the system is necessary if optimum performance is to 
be achieved. The balancing of delay between the predistorted path and the main path is 
critical if optimum cancellation is to be achieved. The choice of component used within the 
predistortion element has an effect on the actual level of performance. The use of mixers 
within the predistortion system has been shown to yield significant benefits in terms of the 
flexibility of the system. The system may be used over any range of frequencies where a 
suitable mixer may be obtained. The choice of mixers as the multiplying block within the 
system does however introduce undesirable additional intermodulation products that degrade 
the system performance to a limited degree. 
The results in chapter 4 show that the multiplier system can provide 5dB more 3rd order 
cancellation than the mixer-based system. Also the 5 
th order products are reduced by lOdB, 
th the 7 order products are eliminated and no additional products are generated. However 
multiplier technology currently is not capable of operating at the frequencies required by 
mobile cellular networks, with advances in device technology this may change making 
multiplier predistorters an attractive form of amplifier linearisation. Multiplier linearisers 
also have more limited bandwidth capability than the mixer-based systems. 
6.4 Higher Order Polynomial Predistortion 
It has been shown that it is possible to reduce the 5'h order products of an amplifier using a 
quintic predistortion system. The amplifier chosen for this investigation was predominantly 
third order non-linear with only a limited amount of 5th order non-linearity. When a 
combined 3" and 5 th order predistorter was used with this amplifier the resultant predistorter 
transfer function was actually a poorer inverse transfer function than the 3rd order 
predistortion system. This resulted in degradation in the performance of the overall system. 
Class C amplifiers are extremely non-linear in terms of their AM to AM and AM to PM 
performance. It is possible to a limited degree to linearise these amplifiers. It has been 
shown that the class C amplifiers performance may be improved by 7dB using a quintic 
predistortion technique. Predistortion has a minimal effect on the efficiency of the amplifier 
system and so even this limited amount of improvement is useful if predistortion is combined 
with another linearisation technique such as feedforward. If a combined amplifier were to be 
used in this case the overall efficiency would be almost 38% which is an 11 % improvement 
when compared with the use of the feedforward in isolation, this analysis is shown in 
appendix A. The mixer-based lineariser has a characteristic, which does not inversely match 
closely enough the characteristic of the class C amplifier. Also the predistortion system does 
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not change it's characteristic sufficiently over the operating bandwidth to compensate for the 
frequency dependency of the class C amplifier. 
6.5 Concluding Remarks 
This thesis has shown that within the near future linear power amplifiers are going to be 
essential for the operation of future systems. Software radio is likely to play an important part 
in the future of communications systems. Current second-generation systems such as GSM 
are likely to be in use for at least the next 10 years. Even though current standardisation 
activity was aimed at a single global standard, the compromises that were agreed for political 
and commercial reasons have resulted in a group of standards. GSM EDGE is now designed 
to evolve over time, this means that a reconfigurable basestation is likely to be very desirable. 
Predistortion is an extremely attractive method for the efficient broadband linearisation of 
power amplifiers. This work has shown that R. F. polynomial predistortion can generate 
useful improvements in amplifier performance. However for amplifiers with complex 
transfer functions such as class C power amplifiers only very limited improvements can be 
achieved. So predistortion needs to be used with techniques such as feedforward to obtain the 
required levels of linearity. 
6.6 Suggestions for Further Research 
This thesis has shown that cubic predistortion can provide very useful improvements in 
amplifier performance. Little research has been carried out on the control of R. F. 
predistortion systems. This is an area that requires investigation in terms of the complexity of 
such control schemes. The cubic technique developed within this thesis is extremely simple 
and to make it attractive as a practical technique an equally simple control scheme would be 
required. 
This thesis has investigated scalar predistortion systems which operate on the I&Q signals 
simultaneously. It has been shown in this thesis that it would be desirable to independently 
alter the I&Q signals. It would be instructive to extend the techniques investigated within 
this thesis to independently control the amount of I&Q predistortion applied to the amplifier. 
This is especially applicable to the linearisation of class C power amplifiers where a 
significant amount of additional Quadrature distortion is present. 
The cubic predistortion system that has been developed could be applied to other parts of the 
radio system that require linearisation. This system would be particularly attractive to the 
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areas of the radio, which are predominately 3d order non-linear such as the mixers and 
modulators. Very limited research has been carried out in this area [1] but if truly broadband 
reconfigurable radio systems are to be developed then this will be an area which creates 





[1] Correction of Mixer Nonlinearity in Quadrature Modulators, by M. Faulkner and M. 





A. 1 Analysis of Efficiency Improvements for Predistortion and 
Feedforward Hybrid Amplification System 
This appendix carries out an analysis of the potential efficiency gains, which are possible by 
combining feedforward and predistortion into a hybrid amplifier structure [1]. 
Predistorted Amplirler 
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Figure A. 1 Predistortion and Feedforward Amplifier 
Using the architecture shown in figure Al it has been shown by Parsons [2] that the efficiency 




('-CDC)+ 'IA2LCDC('+ Flm) 
Where: 'IAI is the main amplifier efficiency 
71A2 is the error amplifier efficiency 
CDC is the output coupler coupling factor 
F,, is the fractional power of a single IMP 




It has also been shown in [2] that there is an optimum value of coupling factor CDC, OPT 
which is given by: 
CDC, 
OPT - 
Tj A ITnl A2 Flm LTI 
TF71m 
(A. 2) 
11AIFIM -'IA2L(I + Fm) 
It has been shown in chapter 5 that it is possible to improve the linearity performance of a 
class C power amplifier by the use of quintic predistortion techniques. It has been shown that 
the performance of a class C amplifier may be improved by 7dB. Using this figure, 
calculations may be carried out to find the expected efficiency of the system. 
Assuming that: 
TIM = 60% 
lIA2,,,,: 60% 
L= IdB 
If the amplifier has a raw uncorrected performance of -1 IdBc then: 
Flm = -18dBc 
Therefore: 
CDC, 
OPT = 8.98dB 
Using this value of CDC, OPT gives: 




So with 7dB of predistortion cancellation it is possible to improve the efficiency of the 
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